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CURRENT MEASUREMENT USING FIG . 9 presents a flowchart of an example method of 
MAGNETIC SENSORS AND CONTOUR operating an apparatus for measuring current flow through at 

INTERVALS least one conductor wire according to some embodiments of 
the present disclosure ; 

CROSS - REFERENCE TO RELATED FIG . 10 presents a flowchart of an example process of 
APPLICATIONS determining current flow through at least one conductor wire 

according to some embodiments of the present disclosure ; 
This application claims the benefit of and priority from FIGS . 11-13 illustrate an example contour along which 

U.S. Provisional Patent Application Ser . No. 62 / 647,044 one or more sensor pairs may be placed , an example wire 
filed 23 Mar. 2018 entitled “ CONTACTLESS CURRENT 10 inside the contour , and an example sensor pair , according to 
MEASUREMENT USING MAGNETIC SENSORS ” , some embodiments of the present disclosure ; 

FIGS . 14A and 14B provide an example of arrangements incorporated herein by reference in its entirety . of first and second sets of sensors on different sides of a 
TECHNICAL FIELD OF THE DISCLOSURE housing of a current - measurement apparatus , according to 

15 some embodiments of the present disclosure ; 
The present disclosure relates generally to measuring FIG . 15 presents an example of the Levenberg - Marquardt 

operation that can be used with a current measurement current and , more specifically , to devices and methods that process , according to some embodiments of the present involve measuring current flowing through a conductor wire disclosure ; and using magnetic sensors . FIG . 16 presents a flowchart of an example process of 
determining current flow through at least one conductor wire BACKGROUND according to yet another embodiment of the present disclo 

20 

sure . 

25 

35 

Measurement of currents through conductor wires per 
formed in a contactless manner ( e.g. , without coming into DESCRIPTION OF EXAMPLE EMBODIMENTS 
contact with or breaking the wire ) is useful for diagnostic , OF THE DISCLOSURE 
operational , and protection purposes in many applications , 
such as residential , industrial , and automotive applications . Overview 
Electrical clamp meters and other current measuring appa The systems , methods and devices of this disclosure each 
ratuses using magnetic sensors , e.g. Hall effect sensors , can 30 have several innovative aspects , no single one of which is 
be used for this purpose . However , current measurements solely responsible for the all of the desirable attributes 
using magnetic sensors present various challenges . One disclosed herein . Details of one or more implementations of 
challenge is in achieving accurate measurements without the subject matter described in this specification are set forth 
precise control of the placement of the wire with respect to in the description below and the accompanying drawings . 
the current measuring apparatus . In addition , accurate mea Embodiments of the present disclosure provide mecha 
surement of a current flowing through a wire can be chal nisms for evaluating currents that might be flowing in one or 
lenging when there are other current - carrying wires located more conductor wires . In particular , embodiments disclosed 

herein use magnetic sensors , such as e.g. AMR sensors , nearby , because the current flowing through such other wires arranged in specific configurations within housings of cur can interfere with the desired current measurement . Other 40 rent measuring apparatuses for contactlessly measuring cur challenges include simultaneous current measurement rent flow in one or more conductor wires . An example through multiple wires , ability to perform both alternating housing may include an opening for receiving the one or 
current ( AC ) measurements and direct current ( DC ) mea more conductor wires to be measured , with magnetic sen surements , and ability to provide a current measurement sors positioned around the opening . During the measure 
apparatus that is not too bulky for use in tight spaces . 45 ments , the opening may be provided around , or enclosing , at 

Techniques for contactless current measurement using least portions of the one or more conductor wires , e.g. so that 
magnetic sensors that can improve on one or more of these the wire ( s ) extend through the opening . The measured 
challenges would be desirable . outputs of the magnetic sensors can be combined using 

non - linear solving computations to evaluate current ( s ) that 
BRIEF DESCRIPTION OF THE DRAWINGS 50 might be flowing through each of the one or more conductor 

wires . As used herein “ evaluating current ( s ) ” refers to deter 
To provide a more complete understanding of the present mining or estimating , e.g. for each of the one or more 

disclosure and features and advantages thereof , reference is conductor wires provided within the opening , one or more 
made to the following description , taken in conjunction with measures related to currents , such as one or more of current 
the accompanying figures , wherein like reference numerals 55 magnitude , direction of the current flow , and location 
represent like parts , in which : ( within the opening ) of the current - carrying conductor wire 

FIG . 1 provides a block diagram illustrating an example being measured . 
current measurement system in accordance with some Embodiments disclosed herein may be particularly advan 
embodiments of the present disclosure ; tageous for evaluating currents in multi - conductor cables , 

FIG . 2 provides a block diagram illustrating an example 60 such as those used in residential and industrial applications . 
apparatus for measuring current in one or more wires in In a multi - conductor cable , there can be three conductors : 
accordance with some embodiments of the present disclo hot , neutral , and ground , and embodiments of the present 
sure ; disclosure allow evaluation of currents in one or more of 

FIGS . 3-8 provide different examples of arrangements of these conductors . One of the most commonly used multi 
sensor pairs within an example apparatus for measuring 65 conductor cable is referred to as a Romex® wire , which can 
current in one or more wires in accordance with various be heat and fire resistant , easy to install , and relatively 
embodiments of the present disclosure ; inexpensive . Romex is a common type of wire currently 
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used in single - family residential applications , and has been opening ) , the signals including a first signal ( e.g. a first 
used extensively for the past 40 years . However , it should be voltage or a first current ) indicative of a magnetic field in a 
understood that the present disclosure is not specific to first direction , and a second signal ( e.g. a second voltage or 
Romex wires and can be used to measure other types of a first current ) indicative of a magnetic field in a second 
multi - conductor cables . In general , the present disclosure is 5 direction . The hardware processor may be configured to 
not limited to a 3 - wire multi - conductor cable , and embodi derive a measure of a current in ( a current that may be 
ments disclosed herein can be used to evaluate the current in flowing through ) the at least one wire based on the signals 
an individual wire or in a multi - conductor cable or simply a generated by at least two or more of the plurality of magnetic 
collection of conductor wires that may include two wires , sensor pairs . 
four wires , or any other number of wires . Other aspects of the present disclosure provide methods 

In some embodiments , the mechanisms disclosed herein for operating such an apparatus and methods for determining 
use pairs of magnetic sensors within a housing with an current in at least one conductor wire . 
opening for the wires , where each magnetic sensor pair is As will be appreciated by one skilled in the art , aspects of 
capable of generating a pair of signals indicative of magnetic the present disclosure , in particular aspects of current mea 
fields in two different directions ( i.e. the first signal of the 15 surement using magnetic sensor pairs proposed herein , may 
pair of signals may be indicative of a magnetic field in a first be embodied in various manners e.g. as a method , a 
direction and the second signal of the pair of signals may be system , a computer program product , or a computer - read 
indicative of a magnetic field in a second direction that is able storage medium . Accordingly , aspects of the present 
different from the first direction ) . A hardware processor in disclosure may take the form of an entirely hardware 
communication with the magnetic sensor pairs may be 20 embodiment , an entirely software embodiment ( including 
configured to use the outputs of the sensor pairs to derive firmware , resident software , micro - code , etc. ) or an embodi 
one or more measures related to current ( s ) that might be ment combining software and hardware aspects that may all 
flowing through the one or more wires , such as e.g. mag generally be referred to herein as a " circuit , ” “ module ” or 
nitude of the current , direction of the current , or location of “ system . ” Functions described in this disclosure may be 
the conductor wire within the opening . Some of the embodi- 25 implemented as an algorithm executed by one or more 
ments are described herein for examples where the first and hardware processing units , e.g. one or more microproces 
second directions are perpendicular to one another . How sors , of one or more computers . In various embodiments , 
ever , these descriptions are applicable to embodiments different steps and portions of the steps of each of the 
where the first and second directions may have any other methods described herein may be performed by different 
relationship other than being perpendicular to one another , 30 processing units . Furthermore , aspects of the present disclo 
as long as the processor has information about said relation sure may take the form of a computer program product 
ship so that appropriate compensation may be implemented embodied in one or more computer readable medium ( s ) , 
by the processor . preferably non - transitory , having computer readable pro 

In some embodiments , the first directions ( and , therefore , gram code embodied , e.g. , stored , thereon . In various 
the second directions , since second directions have a certain 35 embodiments , such a computer program may , for example , 
known relationship to the first directions ) of different mag be downloaded ( updated ) to the existing devices and sys 
netic sensor pairs are oriented in the same manner with tems ( e.g. to the existing magnetic sensors and / or their 
respect to a certain common reference point . However , if controllers , etc. ) or be stored upon manufacturing of these 
this is not the case , the processor may be configured to devices and systems . 
compensate for the differences in the orientation of the 40 The following detailed description presents various 
different magnetic sensor pairs with respect to one another descriptions of specific certain embodiments . However , the 
and with respect to the common reference point . The use of innovations described herein can be embodied in a multitude 
magnetic sensor pairs that can each measure magnetic field of different ways , for example , as defined and covered by the 
in two directions , e.g. in two directions that are substantially claims or select examples . In the following description , 
perpendicular to one another , may achieve one or more of 45 reference is made to the drawings where like reference 
the following advantages : enable simultaneous current mea numerals can indicate identical or functionally similar ele 
surement in multiple wires placed within the opening , ments . It will be understood that elements illustrated in the 
reduce sensitivity of current measurements to the placement drawings are not necessarily drawn to scale . Moreover , it 
of the wire ( s ) within the opening ( i.e. improve accuracy of will be understood that certain embodiments can include 
current measurements while relaxing requirements for pre- 50 more elements than illustrated in a drawing and / or a subset 
cise control of the placement of the wire ( s ) ) , reduce the of the elements illustrated in a drawing . Further , some 
impact of stray magnetic interference ( e.g. magnetic fields of embodiments can incorporate any suitable combination of 
the Earth or magnetic fields of other current - carrying wires features from two or more drawings . 
in the vicinity of the current measurement apparatus ) , Other features and advantages of the disclosure will be 
expand the measurement zone , and enable both AC and DC 55 apparent from the following description and the claims . 
measurements . Example Current Measurement System / Device 

One aspect of the present disclosure provides an apparatus A current carrying wire generates a magnetic field in the 
for measuring current flow through at least one conductor orthogonal plane to the direction of current flow . A mea 
wire . The apparatus may include a housing having an surement of the magnetic field can be used to infer the 
opening for receiving the at least one wire ; a plurality of 60 magnitude of the current flowing in the wire . For example , 
magnetic sensor pairs , and a hardware processor . The plu Hall Effect sensors can be used to measure magnetic fields 
rality of magnetic sensor pairs may be arranged within the using the Lorentz effect , while anisotropic magnetoresistive 
housing ( i.e. arranged on or at least partially in the housing ) , ( AMR ) sensors can measure the magnetic field based on the 
e.g. positioned around the opening of the housing . Each change in resistivity that is proportional to the perpendicular 
magnetic sensor pair may be configured to generate signals 65 magnetic field . By using magnetic sensors , such as Hall 
when the at least one wire extends through the opening ( e.g. Effect sensors and / or AMR sensors , certain challenges 
when at least a portion of the wire is positioned within the related to measuring current through a wire can be overcome 
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according to various aspects of the present disclosure . For netic sensor pair ” refers either to a pair of individual 
example , embodiments described herein can overcome chal magnetic sensors ( e.g. a pair of AMR sensors ) that can sense 
lenges related to the magnetic field interference from nearby the magnetic field strength in two different directions , or to 
current carrying wires . As another example , embodiments a single magnetic sensor pair ( e.g. a single multi - axis AMR 
described herein can overcome challenges related to a 5 sensor ) that can sense magnetic field strength on two dif 
location of the current carrying wire not being fixed . Since ferent directions . Embodiments of the magnetic sensor pairs 
magnetic field strength should drop off inversely with dis 106 disclosed herein are not limited to AMR sensors and can 
tance from the current carrying wire , the distance from the use others types of sensors including , but not limited to , 
wire can have a significant impact on inferring the current giant magnetoresistive ( GMR ) sensors , tunnel magnetore 
flowing through the wire using magnetic sensors . Further- 10 sistive ( TMR ) sensors , colossal magnetoresistive ( CMR ) 
more , using certain magnetic sensors , such as Hall Effect sensors , and extraordinary magnetoresistive ( EMR ) sensors . 
and / or AMR sensors , apparatus disclosed herein can gener In some embodiments , magnetic sensor pairs 106 may 
ate outputs that can be used to accurately make both AC and include any magnetoresistive ( XMR ) sensors that have a 
DC measurements . resistance that changes in response to a magnetic field . In 

Embodiments disclosed herein present a current measur- 15 some embodiments , magnetic sensor pairs 106 may include 
ing device that may enable simultaneous current measure magneto - optical sensors or superconductor current sensors . 
ment in multiple wires placed within the opening . For Each of the sensor pairs 106 may sense magnetic field in 
example , embodiments disclosed herein may enable current two different directions , thus generating a pair of signals 
measurements of a multi - conductor cable . In some embodi indicative of the magnetic fields in different directions : the 
ments , such a multi - conductor cable may include a hot wire 20 first signal of the pair of signals being indicative of a 
that includes the current path for current flowing from the magnetic field in a first direction and the second signal of the 
current source , a neutral wire that includes the return path pair of signals being indicative of a magnetic field in a 
for the current flow , and the bare copper wire that is a ground second direction . For example , in some embodiments , the 
wire connected to an earth ground . The hot and neutral second direction may be perpendicular to the first direction . 
conductors typically have opposite current flow , which can 25 As described above , in order to sense magnetic field in two 
result in the magnetic field generated by the two current different directions , each of the sensor pairs 106 may either 
flows being cancelled to at least a first order . Often , the include two individual magnetic sensors ( i.e. two individual 
current flow in the hot and neutral conductors is of the same magnetic sensor circuits ) , each performing a measurement 
magnitude . Some residue magnetic field strength may exist of a magnetic field in a different direction , or be a multi - axis 
as a function of the spacing between the hot and neutral 30 sensor pair ( i.e. a single magnetic sensor circuit ) able to 
cables . As the spacing is unknown and can vary , using measure magnetic field along multiple axes , i.e. in two ( or 
conventional current sensing approaches may be challeng more ) different directions . In the following , the terms " sen 
ing and often not feasible . Thus , there are no existing sor ” and “ sensor circuit ” may be used interchangeably . 
contactless current sensing solutions for multi - conductor The sensor pairs 106 may be positioned within a housing 
cables available today . 35 of the current measurement unit 104 , in particular around an 
Furthermore , embodiments disclosure herein present a opening within the housing , which opening may be consid 

current measuring device that may enlarge the measurement ered to define a target measurement zone , described in 
zone while reducing stray field interference . Thus , current of greater detail below . In some embodiments illustrated in the 
a wire can be measured without precise positioning of the FIGS . , the plurality of sensor pairs 106 can include eight 
wire and without impact or with reduced impact from stray 40 sensor pairs . However , the present disclosure is not limited 
field interference . Advantageously , in certain embodiments , as such , and , in various embodiments , more or fewer sensor 
by expanding the measurement zone of the current measur pairs 106 may be included in the current measurement 
ing device , wires that cannot be deterministically located apparatus 102. For example , some embodiments may 
within a particular point or axis can be accurately measured include 4 sensor pairs 106 or 12 sensor pairs 106 , among 
during a current measurement process . 45 other numbers of sensor pairs . The sensor pairs 106 may be 

FIG . 1 provides a block diagram illustrating an example positioned around the target measurement zone at a plurality 
current measurement system 100 in accordance with some of distances from and at a plurality of orientations with 
embodiments of the present disclosure . As shown in FIG . 1 , respect to a center of the target measurement zone or a 
the current measurement system 100 may include a current certain common reference point within the target measure 
measurement apparatus 102 , which may be a mobile current 50 ment zone , as described in greater detail below . Further 
measurement apparatus , having a current measurement unit more , in embodiments where magnetic sensor pairs include 
104. The current measurement unit 104 may include mag individual magnetic sensors , such individual sensors may be 
netic sensor pairs 106 and a processor 108 , e.g. a hardware positioned within the housing separately from one another . 
processor . The current measurement apparatus 102 may For example , some or all magnetic sensors configured to 
further include a memory 110 and a power source 112. In 55 detect magnetic field in the first direction ( such sensors may 
some embodiments , the current measurement system 100 be referred to as “ first sensors ” ) may be provided on one 
may also include one or more of an output device 114 , an side / face of the housing , while some or all magnetic sensors 
input device 116 , and a network adapter 118 . configured to detect magnetic field in the second direction 

The magnetic sensor pairs 106 may be magnetic sensor ( such sensors may be referred to as “ second sensors ” ) may 
pairs configured to sense total magnetic fields in their 60 be provided on the other side / face of the housing . In another 
vicinity , where at least portions of the magnetic fields may example , first and second sensors may be provided around 
be attributed to being generated by currents flowing through the opening in an interleaved manner , i.e. one or more first 
one or more wires placed in the target measurement zone of sensors are followed by one or more second sensors , fol 
the current measurement unit 104 . lowed again by one or more first sensors , and so on , with 
Magnetic sensors , such as AMR sensors , can sense the 65 some gap / distance separating each two sensors . For 

magnetic field strength in a given direction in relation to example , such interleaved sensors may be provided in a 
their internal magnetization . As used herein , the term “ mag circular fashion around the opening . 
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In some embodiments , at least some magnetic sensors of In certain example implementations , mechanisms for con 
the magnetic sensor pairs 106 may include a set of sensors tactless current measurement using a plurality of magnetic 
configured as a Wheatstone bridge . For example , each sensor pairs as outlined herein may be implemented by logic 
magnetic sensor of the magnetic sensor pairs 106 may encoded in one or more tangible media , which may be 
include a set of sensors , e.g. 4 sensors , configured as a 5 inclusive of non - transitory media , e.g. , embedded logic 
Wheatstone bridge , e.g. , as shown with an inset 120 in FIG . provided in an ASIC , in DSP instructions , software ( poten 
1. Configuring these sensors in a Wheatstone bridge creates tially inclusive of object code and source code ) to be 
a magnetic field sensor system whose output voltage is executed by a processor , or other similar machine , etc. In 
proportional to the magnetic field strength in a given direc some of these instances , memory elements , such as e.g. the 
tion . In some embodiments , at least some magnetic sensors 10 memory 110 shown in FIG . 1 , can store data or information 

used for the operations described herein . This includes the of the magnetic sensor pairs 106 may include a set of sensors memory elements being able to store software , logic , code , configured as a half - Wheatstone bridge . or processor instructions that are executed to carry out the The sensor pairs 106 can output voltages that are propor activities described herein . A processor can execute any type tional to a field strength in two different directions at the 15 of instructions associated with the data or information to 
location of the sensors . These measured voltages may be achieve the operations detailed herein . In one example , the provided to an analog front - end ( not specifically shown in processors , such as e.g. the processor 108 shown in FIG . 1 , 
FIG . 1 ) , which can condition first and second signals could transform an element or an article ( e.g. , data ) from one 
received from the sensors . In certain embodiments , condi state or thing to another state or thing . In another example , 
tioning the signals received from the sensors enables the 20 the activities outlined herein may be implemented with fixed 
signals to be provided to subsequent circuitry , such as an logic or programmable logic ( e.g. , software / computer 
analog - to - digital converter ( ADC ) ( not specifically shown in instructions executed by a processor ) and the elements 
FIG . 1 ) . In some embodiments , the conditioned signal can be identified herein could be some type of a programmable 
provided to a multiplexed ADC , which can provide the processor , programmable digital logic ( e.g. , an FPGA , a 
digital signals corresponding to the field strength in each of 25 DSP , an erasable programmable read - only memory 
respective directions to the processor 108 ( e.g. a microcon ( EPROM ) , an electrically erasable programmable read - only 
troller ) . memory ( EEPROM ) ) or an ASIC that includes digital logic , 

In some embodiments , the processor 108 can execute software , code , electronic instructions , or any suitable com 
software or an algorithm to perform the activities as dis bination thereof . 
cussed in this Specification , in particular activities related to 30 The memory 110 may include one or more physical 
current measurement using magnetic sensor pairs 106. The memory devices such as , for example , local memory and 
processor 108 may be configured to communicatively one or more bulk storage devices . The local memory may 
couple the current measurement unit 104 or the current refer to random access memory or other non - persistent 
measurement apparatus 102 to other system elements via memory device ( s ) generally used during actual execution of 
one or more interconnects or buses . Such a processor may 35 the program code . A bulk storage device may be imple 
include combination of hardware , software , or firmware mented as a hard drive or other persistent data storage 
providing programmable logic , including by way of non device . The memory 110 may also include one or more 
limiting example a microprocessor , a digital signal processor cache memories that provide temporary storage of at least 
( DSP ) , a field - programmable gate array ( FPGA ) , a program some program code in order to reduce the number of times 
mable logic array ( PLA ) , an application specific integrated 40 program code must be retrieved from the bulk storage device 
circuit ( ASIC ) , or a virtual machine processor . The proces during execution . 
sor 108 may be communicatively coupled to the memory The power source 112 may provide power to substantially 
110 , for example in a direct - memory access ( DMA ) con all components of the system of FIG . 1. In some implemen 
figuration , so that the processor 108 may read from or write tations , the power source 112 may include one or more 
to the memory 110. The memory 110 may include any 45 battery units . 
suitable volatile or non - volatile memory technology , includ Input / output ( I / O ) devices depicted in FIG . 1 as an input 
ing double data rate ( DDR ) random access memory ( RAM ) , device 116 and an output device 114 , optionally , can be 
synchronous RAM ( SRAM ) , dynamic RAM ( DRAM ) , included within or coupled to the current measurement 
flash , read - only memory ( ROM ) , optical media , virtual apparatus 102. Examples of input devices may include , but 
memory regions , magnetic or tape memory , or any other 50 are not limited to , a keyboard , a pointing device such as a 
suitable technology . Unless specified otherwise , any of the mouse , or the like . The input device 116 may be configured 
memory elements discussed herein should be construed as to receive e.g. user input regarding when current measure 
being encompassed within the broad term “ memory . ” The ments are to begin , what information is to be output as a 
information being measured , processed , tracked or sent to or result , and in which format . Examples of output devices may 
from the sensor pairs 106 , the processor 108 , the memory 55 include , but are not limited to , a monitor or a display , 
110 , the output device 114 , or the input device 116 could be speakers , or the like . In some embodiments , the output 
provided in any database , register , control list , cache , or device 114 may be any type of screen display , such as 
storage structure , all of which can be referenced at any plasma display , liquid crystal display ( LCD ) , organic light 
suitable timeframe . Any such storage options may be emitting diode ( OLED ) display , electroluminescent ( EL ) 
included within the broad term “ memory ” as used herein . 60 display , or any other indicator , such as a dial , barometer , or 
Similarly , any of the potential processing elements , mod LEDs . The output device 114 may be configured to show the 
ules , and machines described herein should be construed as result of the current measurement performed in accordance 
being encompassed within the broad term “ processor . ” Each with the disclosures herein . For example , the output device 
of the elements shown in FIG . 1 , e.g. the sensor pairs 106 114 may be configured to provide a graphical user interface 
and the processor 108 , can also include suitable interfaces 65 and display graphical representation of the current measured 
for receiving , transmitting , and / or otherwise communicating in each of the wires within the target measurement zone , as 
data or information in a network environment . well as , optionally , relative locations of the measured wires 

any 



US 10,712,369 B2 
9 10 

( e.g. relative with respect to one another or relative with performed . While FIG . 2 illustrates the opening 204 as a 
respect to some common reference point ) . In some imple substantially circular opening , in other embodiments , the 
mentations , the system may include a driver ( not shown ) for opening 204 may be of any other suitable shape , such as an 
the output device 114. Input and / or output devices may be ellipse or a quadrilateral ( e.g. a rectangle or a rhombus ) . 
coupled to the current measurement apparatus 102 or to the 5 Similarly , although the housing 202 is illustrated in FIG . 2 
current measurement unit 104 either directly or through as substantially circular in shape and completely surround 
intervening 1/0 controllers . ing the opening 204 , the present disclosure is not limited as 

In an embodiment , the input and the output devices may such . For example , the housing 202 may form a fork , or a 
be implemented as a combined input / output device ( illus ‘ V ' or ' U ' shape . Further , the housing 202 may be capable 
trated in FIG . 1 with a dashed line surrounding the input 10 of opening and closing to enable one or more wires to slot 
device 116 and the output device 114 ) . An example of such into or be moved into the target measurement zone defined 
a combined device is a touch sensitive display , also some by the opening of the housing structure . For example , a line 
times referred to as a “ touch screen display ” or simply 208 may represent the meeting of two separate arms , such as 
“ touch screen ” . In such an embodiment , input to the device with a clamp , of the housing 202 that can be adjusted to form 
may be provided by a movement of a physical object , such 15 a gap through which one or more wires can be placed within 
as e.g. a stylus or a finger of a user , on or near the touch the opening 204. In another example , the line 208 may 
screen display . represent an ingress point within the housing 202 for insert 

A network adapter 118 may also , optionally , be included ing one or more wires into the target measurement zone of 
within or coupled to the current measurement apparatus 102 the opening 204. The opening 204 and / or target measure 
to enable it to become coupled to other systems , computer 20 ment zone may be orthogonal to a length of the one or more 
systems , remote network devices , and / or remote storage wires being tested when the wires are positioned within the 
devices through intervening private or public networks . The opening 204. FIG . 2 provides an example illustration of a 
network adapter 118 may include a data receiver for receiv wire 210 to be measured , provided within the target mea 
ing data that is transmitted by said systems , devices and / or surement zone of the opening 204 . 
networks to the current measurement apparatus 102 , and a 25 The opening 204 may define a target measurement zone , 
data transmitter for transmitting data from the current mea i.e. a zone in which current measurements of current flow 
surement apparatus 102 to said systems , devices and / or through the wires may be carried out . In some embodiments , 
networks . Modems , cable modems , and Ethernet cards are the target measurement zone may be substantially the same 
examples of different types of network adapter that may be as the opening 204 , but in other embodiments that can be 
used with the current measurement apparatus 102 . 30 different . For example , a target measurement zone within the 

In some embodiments , some or all of the memory 110 , the opening 204 may vary in size based on a location of the 
power source 112 , the output device 114 , the input device sensor pairs 206 with respect to the housing 202 and the 
116 , and the network adapter 118 may reside in the same opening 204. Furt in some embodiments , a trade - off may 
integrated unit as the sensor pairs 106 and the processor 108 . occur between the size of the target measurement zone 
In other embodiments , one or more of these components / 35 and / or the amount of stray field interference on the mea 
devices may reside in a separate unit than the current surement of the current flowing through a wire positioned 
measurement unit 104 . within the target measurement zone . For example , in some 
Example Sensor Arrangements embodiments , the target measurement zone may be substan 

FIG . 2 provides a block diagram illustrating an example tially circular in shape and may have a radius of 1-5 
apparatus 200 for measuring current in one or more wires in 40 centimeter ( cm ) , including all values and ranges therein , e.g. 
accordance with some embodiments of the present disclo a radius of 1-2 cm . In some other embodiments , the target 
sure . The current measurement apparatus 200 may be measurement zone may have a smaller or larger radius than 
included as part of the current measurement system 100. For that of the opening 204 , or may be of a different shape . For 
example , the apparatus 200 may include or be included in example , the target measurement zone within the opening 
the current measurement unit 104 of the current measure- 45 204 may be oval , elliptical or quadrilateral in shape . In some 
ment system 100. The apparatus 200 may include a plurality such cases , the housing 202 may create an oval region or 
of sensor pairs , example locations ( complex point locations ) region of some other shape that is capable of accepting one 
of which are shown in the example of FIG . 2 as eight sensor or more wires or at least partially surrounding the wires to 
pairs So , S1 , S2 , S3 , S4 , S5 , S6 , and sy , each of which repre be measured . In contrast to some conventional current 
senting an instance of the sensor pair 106 shown in FIG . 1. 50 measurement devices , one or more wires to be measured 
In the following , the N sensor pairs So - Sp - 1 ( e.g. the 8 sensor using the apparatus 200 need not be positioned in a precise 
pairs So - s , shown for the examples of the FIGS . ) , where N X and / or Y coordinate location to accurately measure cur 
is an integer equal to or greater than 1 , will be referred to as rent ( s ) flowing through the wire ( s ) , but may be located 
sensor pairs 106 , although in the FIGS . they may not be anywhere within the target measurement zone of the open 
labeled with a reference numeral 106 but only shown as So , 55 ing 204 . 
S1 , etc. , in order to clearly differentiate between individual FIG . 2 illustrates an embodiment where the sensor pairs 
sensor pairs . Although eight sensor pairs are illustrated in s 106 are placed at the perimeter of the opening 204 , along 
FIG . 2 ( and other FIGS . ) , i.e. N = 8 , it should be understood the contour of the opening 204. However , in other embodi 
that the apparatus 200 ( and those of other FIGS . ) may ments , the sensor pairs 106 may be provided at any other 
include any different number ( two or more ) of sensor pairs 60 locations within the housing 202 that would be suitable for 
106. For example , the apparatus 200 may include 4 , 6 , 10 , measuring magnetic fields as described herein . 
or 12 sensor pairs , among other amounts . The apparatus 200 shown in FIG . 2 is an illustrative 
As shown in FIG . 2 , the sensor pairs 106 may be arranged example and may not necessarily be drawn to scale . Thus , 

within a housing structure ( or , simply , a housing ) 202 that although each of the sensor pairs are illustrated as being 
includes an opening 204 with a center 206. The opening 204 65 roughly equidistant from the edge of the opening 204 
is configured for receiving one or more current carrying ( namely , illustrated to be at the edge of the opening 204 ) , in 
conductor wires on which current measurements are to be other embodiments , at least some of the sensor pairs may be 
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located a different distance from the edge of the opening 204 be at the crossing of the schematic illustrations of the light 
than at least some of the other sensor pairs . Distributing the gray sensor 216 and the dark gray sensor 218 of each sensor 
sensor pairs 106 at approximately the same distance from pair ) , while the second direction ( solid arrow , dark gray 
one another along the contour of the opening 204 may result sensor 218 ) is substantially parallel that line for both sensor 
in more uniform measurements . 5 pairs shown with the insets 212 and 214 ( and this may also 
As illustrated in FIG . 2 , some of the sensor pairs s 106 hold for all other sensor pairs of the apparatus 200 ) . 

may be oriented differently than at least some other of the In other embodiments , at least some of the sensor pairs 
sensor pairs 106. Insets 212 and 214 shown in FIG . 2 106 may adopt orientation different from that described 
provide schematic illustrations of two example sensor pairs above_namely , at least some of the sensor pairs 106 may be 
106 , namely sensor pairs so and s2 , respectively . As illus- 10 arranged differently ( rotated by a certain angle ) from such an 
trated for these sensor pairs , each sensor pair may be orientation with respect to the common reference point . In 
configured to sense magnetic field in a first direction , shown such embodiments , as long as the processor 108 has infor 
with a dotted arrow , and to sense magnetic field in a second mation regarding the orientation of the different sensor pairs , 
direction , shown with a solid arrow . Sensing of magnetic and in particular information regarding whether and by how 
fields in two different directions is also illustrated in the 15 much their first direction deviates from being perpendicular 
insets 212 and 214 by showing a first sensor 216 in light gray to the line connecting the sensor reference point and the 
color and showing a second sensor 218 in dark gray color , common reference point or whether and by how much their 
representing that each sensor pair s may include a pair of second direction deviates from being parallel to that line ( in 
individual sensors 216 , 218 , aligned perpendicular to one some embodiments , the processor 108 may have informa 
another and configured to measure magnetic fields in the 20 tion for the deviation of only one of the first or second 
first and second directions as described herein . In other directions , since the other one is perpendicular ) , the proces 
embodiments , although a pair of sensors 216 , 218 may be sor 108 can be configured to compute and apply compen 
shown in this and other FIGS . , each sensor pair s may sation for said deviation ( s ) when deriving a measure of 
include a single multi - axis sensor configured to measure current flowing through one or more wires in the target 
magnetic fields in the first and second directions as shown in 25 measurement zone . Since , in some implementations , the 
the FIGS . with dotted and solid arrows shown next to a given orientation of the sensor pairs is likely to be known at the 
sensor pair . As a result of sensing magnetic fields in the first design time and be set in the final current measurement 
and second directions , each sensor pair s is configured to apparatus , such information may be accessible to the pro 
generate a first signal ( e.g. a first voltage or a first current ) cessor 108 by e.g. being pre - programmed in the memory 
indicative of a magnetic field in the first direction , and 30 110 , or by the compensation being built - in in the algorithm 
generate a second signal ( e.g. a second voltage or a first executed by the processor 108 in order to derive measures of 
current ) indicative of a magnetic field in the second direc currents . In other implementations , the sensor pairs 106 may 
tion . A data processing system of the current measurement be movable in that e.g. their orientation may be changed at 
system 100 , e.g. the processor 108 shown in FIG . 1 , may any time . In such embodiments , the information about their 
then be configured to derive a measure of a current in ( a 35 orientation may be accessible to the processor 108 by e.g. 
current that may be flowing through ) each of one or more being provided via the input device 116 , or in any other 
wires placed within the opening 204 based on the first and suitable manner . 
second signals generated by at least some ( e.g. at least two Further , in some embodiments , the sensor pairs 106 may 
or more ) of the plurality of sensor pairs 106 . be arranged so that a relation between the first direction 

Characteristic of the placement of the sensor pairs s 106 40 ( dotted arrow , light gray sensor 216 ) and the second direc 
described herein is that , for each sensor pair 106 , the first tion ( solid arrow , dark gray sensor 218 ) may be the same for 
direction may be substantially perpendicular to the second all of the sensor pairs . Namely , four different examples of 
direction . This is illustrated in FIG . 2 where the first direc such relations are possible , as described below . 
tion ( dotted arrow , light gray sensor 216 ) is substantially In a first example , a “ relation ” that holds for the arrange 
perpendicular to the second direction ( solid arrow , dark gray 45 ment of each of the sensor pairs 106 may be that the second 
sensor 218 ) for both sensor pairs shown with the insets 212 direction ( solid arrow , dark gray sensor 218 ) points away 
and 214 ( and this may also hold for all other sensor pairs of from the common reference point with respect to which the 
the apparatus 200 ) . sensor pairs are arranged ( the common reference point being 

Besides the first and second direction being substantially the center 206 for the example shown in FIG . 2 ) and the first 
perpendicular for all sensor pairs 106 , how the different 50 direction ( dotted arrow , light gray sensor 216 ) is a result of 
sensor pairs are oriented with respect to one another may a clockwise 90 degrees rotation of the second direction . This 
vary according to different embodiments of the present example is illustrated for the apparatus 200 shown in FIG . 
disclosure . 2 , as can be seen within the insets 212 and 214 ( although 

In some embodiments , all of the sensor pairs 106 may be other descriptions provided with respect to FIG . 2 are 
arranged with respect to a certain common reference point 55 equally applicable to the embodiments where this is not the 
so that , for each sensor pair 106 , the first direction is case ) . This example is also illustrated for the sensor arrange 
substantially perpendicular to a line connecting a sensor ment 300 shown in FIG . 3 ( where the first and second 
reference point ( e.g. a magnetic center ) of the magnetic directions of measurements are indicated for each of the 
sensor pair and the common reference point , and the second sensor pairs , providing a clear illustration of this example 
direction is substantially parallel to said line . This specific 60 relation ) . 
example is illustrated in FIG . 2 ( although other descriptions In a second example , illustrated for the sensor arrange 
provided with respect to FIG . 2 are equally applicable to the ment 400 shown in FIG . 4 ( where the first and second 
embodiments where this is not the case ) , where the common directions of measurements are indicated for each of the 
reference point is assumed to be the center 206 of the sensor pairs ) , a “ relation ” that holds for the arrangement of 
circular opening 204 , and where the first direction ( dotted 65 each of the sensor pairs 106 may be that the second direction 
arrow , light gray sensor 216 ) is substantially perpendicular ( solid arrow , dark gray sensor 218 ) points towards the 
to a line connecting a sensor reference point 220 ( which may common reference point with respect to which the sensor 



manner . 
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pairs are arranged and the first direction ( dotted arrow , light may be accessible to the processor 108 by e.g. being 
gray sensor 216 ) is a result of a clockwise 90 degrees provided via the input device 116 , or in any other suitable 
rotation of the second direction . 

In a third example , illustrated for the sensor arrangement Still in other embodiments , the processor 108 may be 
500 shown in FIG . 5 ( where the first and second directions 5 configured to apply both compensations when deriving 
of measurements are indicated for each of the sensor pairs ) , currents in the one or more wires namely , at least some of 
a “ relation ” that holds for the arrangement of each of the the sensor pairs 106 may be arranged differently ( rotated by 
sensor pairs 106 may be that the second direction ( solid a certain angle ) from the same orientation with respect to the 
arrow , dark gray sensor 218 ) points away from the common common reference point , described above , and at least some 

10 of the sensor pairs 106 ( some of which may be , but do not reference point with respect to which the sensor pairs are 
arranged and the first direction ( dotted arrow , light gray have to be , the same as the sensor pairs 06 rotated by a 

certain angle from the same orientation with respect to the sensor 216 ) is a result of a counterclockwise 90 degrees common reference point ) may be arranged so that the rotation of the second direction . relation between the first direction and the second direction 
Finally , in a fourth example , not specifically shown in any 15 may be different for different ones of these sensor pair . 

of the FIGS . , a " relation ” that holds for the arrangement of The considerations with respect to the placement of the 
each of the sensor pairs 106 may be that the second direction sensor pairs 106 , in particular considerations regarding the 
( solid arrow , dark gray sensor 218 ) points towards the orientation of different sensor pairs 106 with respect to one 
common reference point with respect to which the sensor another and considerations regarding the relation between 
pairs are arranged and the first direction ( dotted arrow , light 20 the first and second measurement directions of individual 
gray sensor 216 ) is a result of a counterclockwise 90 degrees sensor pairs 106 , will become clearer in FIGS . 3-8 illustrat 
rotation of the second direction . ing different , more general and some specific , 

In other embodiments , at least some of the sensor pairs examples of the principles described above . 
106 may adopt orientation different from that described Different Examples of Sensor Pair Arrangements 
above - namely , the relation between the first direction and 25 FIGS . 3-8 provide different examples of arrangements of 
the second direction may be different for different sensor sensor pairs 106 within an example apparatus for measuring 
pairs 106. For example , the relation between the first direc current in one or more wires in accordance with various 
tion and the second direction of a first sensor pair may be embodiments of the present disclosure . Each of FIGS . 3-8 
according to the first example of the four examples provides a different example of placement and orientation of 
described above ( i.e. the second direction points away from 30 sensor pairs 106 and orientation of the first and second 
the common reference point with respect to which the sensor directions within the different sensor pairs 106 within a 
pairs are arranged and the first direction is a result of a respective current measurement apparatus , shown for 
clockwise 90 degrees rotation of the second direction ) , while example sensor pairs So , S1 , S2 , S3 , S4 , S5 , S6 , and s , as 
the relation between the first direction and the second illustrated in FIG . 2. Unless specified otherwise , descrip 
direction of a second sensor pair may be according to the 35 tions provided above with reference to the apparatus 200 are 
second example of the four examples described above ( i.e. applicable to each of FIGS . 3-8 and , in the interests of 
the second direction points towards the common reference brevity , are not repeated . Therefore , only differences will be 
point with respect to which the sensor pairs are arranged and described . Furthermore , the notation described above with 
the first direction is a result of a clockwise 90 degrees reference to FIG . 2 are applicable to each of FIGS . 3-8 . In 
rotation of the second direction ) . In general , the first and 40 particular , similar to FIG . 2 , for each sensor pair 106 shown 
second directions of any sensor pair 106 may be in any one in FIGS . 3-8 , a dotted arrow ( or / and a light gray rectangle ) 
of the relations described above , independent of one another schematically illustrates what is described herein as the “ first 
( i.e. some of them may have different relations , others may direction ” of measurement ( i.e. a direction that may be 
have the same ) . In such embodiments , as long as the substantially perpendicular to a line connecting a sensor 
processor 108 has information regarding the relation 45 reference point , e.g. a magnetic center , of a given magnetic 
between the first and second directions for each of the sensor sensor pair and a common reference point that is common to 
pairs whose measurements are used in the estimation of the all sensor pairs ) , while a solid arrow ( or / and a dark gray 
measure of current in the one or more wires , and in particular rectangle ) schematically illustrates what is described herein 
information regarding whether one of the first or second as the second direction ” of measurement ( i.e. a direction 
directions is a clockwise or a counterclockwise rotation with 50 that may be substantially parallel to a line connecting a 
respect to the other , the processor 108 can be configured to sensor reference point , e.g. a magnetic center , of a given 
compute and apply compensation for said differences in the magnetic sensor pair and a common reference point that is 
relations between the first and second directions of different common to all sensor pairs ) . 
sensor pairs when deriving a measure of current flowing FIG . 3 provides an illustration that is substantially the 
through one or more wires in the target measurement zone . 55 same as that shown in FIG . 2 except that now also explicitly 
Since , in some implementations , the orientation of the first showing a contour 324 ( which is a circle in this example ) 
and second directions of the different sensor pairs is likely along which the sensor pairs 106 as described herein may be 
to be known at the design time and be set in the final current arranged with respect to a common reference point indicated 
measurement apparatus , such information may be accessible in FIG . 3 as a point 330. The contour 324 is an imaginary or 
to the processor 108 by e.g. being pre - programmed in the 60 hypothetical closed contour along which the sensor pairs 
memory 110 , or by the compensation being built - in in the 106 are positioned , and , according to various embodiments 
algorithm executed by the processor 108 in order to derive of the present disclosure , it may but does not have to 
measures of currents . In other implementations , the sensor coincide with the edge of an opening for receiving the wires 
pairs 106 may be adjustable / reconfigurable in that the rela to be measured . Such an opening is shown in FIG . 3 as an 
tion between their first and second directions may be 65 opening 304 ( shown with a dashed line ) , which may be 
changed at any time . In such embodiments , the information similar to the opening 204 , described above . FIG . 3 illus 
about the relation between their first and second directions trates the opening 304 and the contour 324 being different 
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but both being circular , but in some other embodiments , the ment zone or within the opening 404 of the apparatus 400 , 
shapes of the opening 304 and the contour 324 may be illustrating an example shown in FIG . 3 and described 
different , and , still in other embodiments , the opening 304 above . 
and the contour 324 may coincide . Together with the open Even though the common reference point 430 is no longer 
ing 304 , the contour 324 defines the target measurement 5 in the center of an example circular contour 424 , the 
zone where magnetic measurements of current in one or embodiment of FIG . 4 illustrates that each of the sensor pairs 
more wires are to be carried out . As an example , FIG . 3 106 may still be arranged with respect to the common 
illustrates two example current carrying wires placed within reference point 430 so that , for each sensor pair 106 , the first 
the target measurement zone or within the opening 304 of direction ( dotted arrow , light gray sensor ) along which the 
the apparatus 300 a first wire shown as the one having a 10 sensor pair 106 measures a magnetic field to generate a first 
larger cross - section and labeled as ( I. , Zo ) to indicate that it signal may be substantially perpendicular to a line connect 

ing a sensor reference point ( e.g. a magnetic center ) of the carries current lo and the wire is placed at a location Zo magnetic sensor pair and the common reference point 430 within the opening 304 , and a second wire shown as the one ( said line shown in FIG . 4 as a dashed line between each having a smaller cross - section labeled as ( I1 , 2 ) to indicate 15 sensor pair 106 and the common reference point 430 ) . Also that it carries current I , and the wire is placed at a location for each sensor pair 106 shown in FIG . 4 , the second 
Z? within the opening 304 . direction ( solid arrow , dark gray sensor ) along which the 

FIG . 3 illustrates an embodiment where each of the sensor sensor pair 106 separately measures a magnetic field to 
pairs 106 is arranged in the same manner with respect to the generate a second signal may be substantially parallel to said 
common reference point 330_namely , arranged so that , for 20 line ( which , again , is the result of the second direction being 
each sensor pair 106 , the first direction ( dotted arrow , light perpendicular to the first direction ) . Furthermore , the 
gray sensor ) along which the sensor pair 106 measures a embodiment shown in FIG . 4 further illustrates an example 
magnetic field to generate a first signal is substantially where a relation between the first direction and the second 
perpendicular to a line connecting a sensor reference point direction is the same for all of the sensor pairs shown in FIG . 
( e.g. a magnetic center ) of the magnetic sensor pair and the 25 4. Namely , the orientation of each of the sensor pairs 106 
common reference point 330 ( said line shown in FIG . 3 as shown in FIG . 4 is such that the second direction ( solid 
a dashed line between each sensor pair 106 and the common arrow , dark gray sensor ) points towards the common refer 
reference point 330 ) . Also for each sensor pair 106 shown in ence point 430 with respect to which the sensor pairs 106 are 
FIG . 3 , the second direction ( solid arrow , dark gray sensor ) arranged along the contour 424 , and the first direction 
along which the sensor pair 106 measures a magnetic field 30 ( dotted arrow , light gray sensor ) is a direction obtained by a 
to generate a second signal is substantially parallel to said clockwise 90 degrees rotation of the second direction ( i.e. 
line ( which is a result of the second direction being perpen the second example of the four example relations described 
dicular to the first direction ) . Furthermore , a relation above ) . In other embodiments , the relation between the first 
between the first direction and the second direction is the and second directions of the different sensor pairs 106 may 
same for all of the sensor pairs shown in the embodiment of 35 be different from the example shown in FIG . 4 ; in general 
FIG . 3. Namely , the orientation of each of the sensor pairs it may be any one of the four examples of such relations 
106 shown in FIG . 3 is such that the second direction ( solid described above . 
arrow , dark gray sensor ) points away from the common FIG . 4 provides an illustration of a more general case than 
reference point 330 with respect to which the sensor pairs FIG . 3 in that the common reference point with respect to 
106 are arranged along the contour 324 , and the first 40 which the individual sensor pairs 106 are oriented is any 
direction ( dotted arrow , light gray sensor ) is a direction arbitrary point within the opening for receiving wires . FIG . 
obtained by a clockwise 90 degrees rotation of the second 5 provides an illustration of an even more general case than 
direction . In other embodiments , the relation between the FIG . 4 in that , in FIG . 5 , the contour 524 along which the 
first and second directions of the different sensor pairs 106 sensor pairs 106 are positioned is not circular , but a contour 
may be different from the example shown in FIG . 3 ; in 45 of any arbitrary shape , with a common reference point 530 
general — it may be any one of the four examples of such with respect to which the sensor pairs 106 may be arranged 
relations described above . also being at any arbitrary point within the contour 524. In 

FIG . 4 illustrates an embodiment that is similar to that order to not clutter the drawing , FIG . 5 , as well as the 
shown in FIG . 3 in that the sensor pairs 106 are arranged subsequent FIGS . , does not specifically illustrate an outline 
along a circular contour 404 , except that now the common 50 of an opening within a housing of a current measurement 
reference point 430 with respect to which the sensor pairs apparatus for receiving one or more wires , but consider 
106 are oriented is not in the center of the circular contour , ations provided above related to the opening and its relation 
which results in the sensors 106 no longer being symmetric to the target measurement zone and placement of the sensor 
as was the case for the embodiment of FIG . 3. Similar to pairs 106 are applicable to each of FIG . 5 and subsequent 
FIG . 3 , for the apparatus 400 shown in FIG . 4 , the contour 55 FIGS . Also in order to not clutter the drawing , FIG . 5 and 
424 is an imaginary or hypothetical closed contour along subsequent FIGS . do not specifically illustrate current car 
which the sensor pairs 106 are positioned , and , according to rying wires . 
various embodiments of the present disclosure , it may but Even though the common reference point 530 is no longer 
does not have to coincide with the edge of an opening for in the center of the example contour 524 and the example 
receiving the wires to be measured , such an opening shown 60 contour 524 is no longer a circular contour but a contour of 
in FIG . 4 as an opening 404 ( shown with a dashed line ) , an arbitrary shape , the embodiment of FIG . 5 illustrates that 
which may be similar to the opening 204 , described above . each of the sensor pairs 106 may still be arranged with 
Discussions with respect to the opening 304 and the contour respect to the common reference point 530 so that , for each 
324 are applicable to the opening 404 and the contour 424 sensor pair 106 , the first direction ( dotted arrow , light gray 
and , therefore , in the interests of brevity , are not repeated 65 sensor ) along which the sensor pair 106 measures a mag 
here . FIG . 4 further shows two example current carrying netic field to generate a first signal may be substantially 
wires , ( I. , Zo ) and ( 11 , 21 ) , placed within the target measure perpendicular to a line connecting a sensor reference point 
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( e.g. a magnetic center ) of the magnetic sensor pair and the second directions can be defined . As is clear from basic 
common reference point 530 ( said line shown in FIG . 5 as geometry , in various embodiments , the angle of rotation may 
a dashed line between each sensor pair 106 and the common be defined differently , e.g. as an angle that is 360 ° -di , or 
reference point 530 ) . Also for each sensor pair 106 shown in 90 ° - ;. As long as the processor 108 has information 
FIG . 5 , the second direction ( solid arrow , dark gray sensor ) 5 indicative of the angles ai ( in any way that the angle of 
along which the sensor pair 106 separately measures a rotation is defined ) , for each of the sensor pairs 106 , the 
magnetic field to generate a second signal may be substan processor 108 may compute how sensor pair measurements 
tially parallel to said line ( which , again , is the result of the need to be compensated for their deviation from the theo 
second direction being perpendicular to the first direction ) . retical first and second directions , and derive current mea 
Furthermore , the embodiment shown in FIG . 5 further 10 surements applying such compensation . 
illustrates an example where a relation between the first Similar to FIG . 5 , the embodiment shown in FIG . 6 
direction and the second direction is the same for all of the illustrates an example where a relation between the first 
sensor pairs shown in FIG . 5. Namely , the orientation of direction and the second direction is the same for all of the 
each of the sensor pairs 106 shown in FIG . 5 is such that the sensor pairs shown in FIG . 6. Namely , the orientation of 
second direction ( solid arrow , dark gray sensor ) points away 15 each of the sensor pairs 106 shown in FIG . 6 is such that the 
from the common reference point 430 with respect to which second direction ( solid arrow , dark gray sensor ) points away 
the sensor pairs 106 are arranged along the contour 424 , and from the common reference point 630 with respect to which 
the first direction ( dotted arrow , light gray sensor ) is a the sensor pairs 106 are arranged along the contour 624 , and 
direction obtained by a counterclockwise 90 degrees rotation the first direction ( dotted arrow , light gray sensor ) is a 
of the second direction ( i.e. the third example of the four 20 direction obtained by a counterclockwise 90 degrees rotation 
example relations described above ) . In other embodiments , of the second direction ( i.e. the third example of the four 
the relation between the first and second directions of the example relations described above ) . In other embodiments , 
different sensor pairs 106 may be different from the example the relation between the first and second directions of the 
shown in FIG . 5 ; in general — it may be any one of the four different sensor pairs 106 may be different from the example 
examples of such relations described above . 25 shown in FIG . 6 ; in generalit may be any one of the four 

FIG . 6 provides an illustration of still a more general case examples of such relations described above . 
than FIG . 5 in that , not only the contour 624 may be any FIG . 7 provides a further illustration of still a more 
arbitrary contour and the common reference point 630 with general case than FIG . 5 in that , not only the contour is any 
respect to which the individual sensor pairs 106 are oriented arbitrary contour and the common reference point with 
may be any arbitrary point within the opening for receiving 30 respect to which the individual sensor pairs 106 are oriented 
wires , but the embodiment of FIG . 6 further illustrates that is any arbitrary point within the opening for receiving wires , 
each of the sensor pairs 106 may be rotated by any angle but also the embodiment of FIG . 7 illustrates that a relation 
with respect to their arrangement with respect to the com between the first and second directions may be different in 
mon reference point 630. For ease of explanation , it is each of the sensor pairs 106. In particular , FIG . 7 illustrates 
assumed that what has been referred to before as the “ first 35 that the relation between the first direction ( dotted arrow , 
direction ” ( dotted arrow , light gray sensor ) , namely a direc light gray sensor ) and the second direction ( solid arrow , dark 
tion that is substantially perpendicular to a line connecting gray sensor ) is the same for some sensor pairs , namely 
a sensor reference point ( e.g. a magnetic center ) of the sensor pairs S1 , S2 , S4 , S5 , S6 and sy , but is different for some 
magnetic sensor pair and the common reference point 630 other sensor pairs , namely sensor pairs So and Sz . The 
( said line shown in FIG . 6 as a dashed line between each 40 example of FIG . 7 illustrates that the orientation of each of 
sensor pair 106 and the common reference point 630 ) is a the sensor pairs S1 , S2 , S4 , S5 , S6 and s , is such that the second 
" theoretical first direction . ” Similarly , since the second direction ( solid arrow , dark gray sensor ) points away from 
direction is perpendicular to the first direction , it is assumed the common reference point 730 with respect to which the 
that what has been referred to before as the " second direc sensor pairs 106 are arranged along the contour 724 , and the 
tion ” ( solid arrow , dark gray sensor ) , namely a direction that 45 first direction ( dotted arrow , light gray sensor ) is a direction 
is substantially parallel to a line conn onnecting a sensor refer obtained by a counterclockwise 90 degrees rotation of the 
ence point ( e.g. a magnetic center ) of the magnetic sensor second direction ( i.e. the third example of the four example 
pair and the common reference point 630 ( i.e. in FIG . 6 relations described above ) , while the orientation of the 
shown as the dashed line between each sensor pair 106 and sensor pair so is such that the second direction ( solid arrow , 
the common reference point 630 ) is a “ theoretical second 50 dark gray sensor ) points towards the common reference 
direction . ” FIG . 6 illustrates , that in some embodiments , point 730 and the first direction ( dotted arrow , light gray 
some sensor pairs may be arranged so that their “ first sensor ) is a direction obtained by a counterclockwise 90 
direction ” ( dotted arrow , light gray sensor ) is at a non - zero degrees rotation of the second direction ( i.e. the fourth 
angle a : ( where i is an integer between 0 and N indicating example of the four example relations described above ) and 
an angle of a specific sensor pair s , ) with respect to the 55 the orientation of the sensor pair sz is such that the second 
theoretical first direction , or , stated alternatively ( since the direction ( solid arrow , dark gray sensor ) points away from 
first and second directions are perpendicular to one another ) , the common reference point 730 and the first direction 
some sensor pairs may be arranged so that their “ second ( dotted arrow , light gray sensor ) is a direction obtained by a 
direction ” ( solid arrow , dark gray sensor ) is at a non - zero clockwise 90 degrees rotation of the second direction ( i.e. 
angle or with respect to the theoretical second direction . 60 the first example of the four example relations described 
FIG . 6 illustrates an example where sensor pairs s3 and 54 are above ) . 
arranged at angles az and C4 , respectively . In other embodi As long as the processor 108 has information indicative of 
ments , any other sensor pairs s ; may be arranged at any the relation between the first and second directions for each 
arbitrary angle a of the sensor pairs 106 , the processor 108 may compute how 

It should be noted that angle ai , described here and shown 65 sensor pair measurements need to be compensated for their 
in FIG . 6 provides one example of how rotation of different deviation from all having the same relation , and derive 
sensor pairs 106 with respect to the theoretical first and current measurements applying such compensation . 
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Similar to FIG . 5 , the embodiment of FIG . 7 illustrates applicable to individual magnetic sensors of each sensor pair 
that each of the sensor pairs 106 may still be arranged with 106 being implemented separately and at a distance from 
respect to the common reference point 730 so that , for each one another — such as e.g. on different sides of the housing , 
sensor pair 106 , the first direction ( dotted arrow , light gray or in an interleaved manner as mentioned above . 
sensor ) along which the sensor pair 106 measures a mag- 5 Example Current Measurement Methods and Processes 
netic field to generate a first signal may be substantially FIG . 9 presents a flowchart of an example method 900 of 
perpendicular to a line connecting a sensor reference point operating an apparatus for measuring current flow through at 
( e.g. a magnetic center ) of the magnetic sensor pair and the least one conductor wire according to some embodiments of 
common reference point 730 , while the second direction the present disclosure . The method 900 can be implemented 
( solid arrow , dark gray sensor ) along which the sensor pair 10 using any current measurement system that can measure the 
106 separately measures a magnetic field to generate a amount of current flowing through one or more wires . The 
second signal may be substantially parallel to said line method 900 , in whole or in part , can be implemented using , 
( which , again , is the result of the second direction being for example , the mobile current measurement apparatus 102 , 
perpendicular to the first direction ) . the current measurement unit 104 , one or more processors 

FIG . 8 provides an illustration of the most general case 15 108 , the sensor pairs 106 , and the like . 
compared to other FIGS . Similar to FIG . 7 , the embodiment The method 900 may begin with a block 902 where a wire 
of FIG . 8 illustrates that not only the contour 824 is any ( or multiple wires ) is positioned / enclosed within an opening 
arbitrary contour and the common reference point 830 with of the current measuring apparatus 102 , placed within a 
respect to which the individual sensor pairs 106 are oriented target measurement zone of the current measuring apparatus 
is any arbitrary point within the opening for receiving wires , 20 102 , thus initiating measurement of a current in a wire . In 
but also the embodiment of FIG . 8 illustrates that a relation some embodiments , the current measuring apparatus 102 
between the first and second directions may be different in may be permanent or affixed to a component enabling 
each of the sensor pairs 106. To show that , the embodiment continuous or intermittent monitoring of current in a wire or 
of FIG . 8 illustrates the relations between first and second a device in which embodiments the block 902 may not have 
directions as shown in the example of FIG . 7 — namely each 25 to be repeated for every current measurement . In some such 
of the sensor pairs S1 , S2 , S4 , S5 , Sg and s , having their first and embodiments , the process 900 may be performed intermit 
second directions according to the third relation described tently or continuously . Block 902 may include enclosing the 
above , the sensor pair so having its first and second direc wire within an opening in a housing of the current measure 
tions according to the fourth relation described above , and ment apparatus 102 so that the wire extends through the 
the sensor pair sz having its first and second directions 30 opening ( i.e. at least a portion of the wire is positioned 
according to the first relation described above . Moreover , within the opening ) . The wire may be placed substantially 
similar to FIG . 6 , the embodiment of FIG . 8 further illus perpendicular to the plane of the opening . 
trates that each of the sensor pairs 106 may be rotated by any At block 904 , a plurality of magnetic sensor pairs 106 of 
angle with respect to their arrangement with respect to the the current measurement apparatus 102 may be used , while 
common reference point 830. To show that , the embodiment 35 the wire is enclosed within the opening , to generate signals 
of FIG . 8 illustrates different rotations of different sensor indicative of magnetic fields in different directions . In par 
pairs as shown in the example of FIG . 6 — namely an ticular , the sensor pairs 106 , which may be placed and 
example where sensor pairs S3 and 84 are arranged at angles oriented in the current measurement apparatus 102 accord 
az and C4 , respectively . Thus , FIG . 8 may be seen as a ing to any of the embodiments described above , may be used 
combination of FIGS . 6 and 7. Therefore , discussions pro- 40 to each generate two signals : a first signal ( e.g. a first voltage 
vided with respect to each of FIGS . 6 and 7 are applicable or a first current ) indicative of a magnetic field in a first 
to FIG . 8 and are not repeated here in the interests of brevity . direction , and a second signal ( e.g. a second voltage or a first 
As long as the processor 108 has information indicative of current ) indicative of a magnetic field in a second direction . 

the angles Q ; ( in any way that the angle of rotation is defined ) At block 906 , a processor of the current measurement 
and information indicative of the relation between the first 45 apparatus may be used to receive and process the signals 
and second directions for each of the sensor pairs 106 , for generated by the plurality of magnetic sensor pairs while the 
each of the sensor pairs 106 , the processor 108 may compute wire was enclosed within the opening . In particular , the 
how sensor pair measurements need to be compensated for processor 108 may receive the first and second signals 
their deviation from the theoretical first and second direc generated by at least two or more of all of the sensor pairs 
tions and for their deviation from all having the same 50 106 , and derive a measure of a current in the wire based on 
relation , and derive current measurements applying such these signals . In various embodiments , the first and second 
compensation . signals of one or more sensor pairs 106 may be subject to 

While not specifically shown in FIGS . 2-8 , in still further further processing , e.g. to filter noise , etc. , prior to deriving 
embodiments of these FIGS . , the first and second directions the measure of the current . In block 906 , the processor 108 
in which each sensor pair 106 may measure magnetic fields 55 may be configured to compute and apply compensation as 
do not necessarily have to be perpendicular to one another . described above , e.g. to compensate for some sensor pairs 
In such embodiments , as long as the processor 108 has deviating from the theoretical first and second directions 
information indicative of the angles between first and second and / or to compensate for some sensor pairs not all having 
directions for each sensor pair 106 , the processor 108 may the same relation between their first and second directions . 
compute how sensor pair measurements need to be com- 60 FIG . 10 presents a flowchart of an example process 1000 
pensated for their deviation from the first and second direc of determining current flow through at least one conductor 
tions being perpendicular to one another , and derive current wire according to some embodiments of the present disclo 
measurements applying such compensation . sure . The process 1000 can be implemented by any current 

Furthermore , although descriptions of various locations measurement system that can measure the amount of current 
and orientations of the sensor pairs 106 are provided with 65 flowing through one or more wires . The process 1000 , in 
respect to FIGS . 2-8 that show each sensor pair 106 as whole or in part , can be implemented using , for example , the 
implemented as a single unit , these descriptions are equally mobile current measurement apparatus 102 , the current 
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measurement unit 104 , one or more processors 108 , the 
sensor pairs 106 , and the like . The process 1000 may be 
performed in response to a wire being positioned within an 2ni 

opening of the current measuring apparatus 102 , positioned 4M ( z ) R ( z ) dz within a target measurement zone of the current measuring 
apparatus 102 , a command from a user , or any other trigger 
that may initiate measurement of a current in a wire . In some This can be extended further to embodiments where even embodiments , the current measuring apparatus 102 may be more wires are placed within the opening of the current permanent or affixed to a component enabling continuous or 10 measurement apparatus 102 , all of which embodiments are intermittent monitoring of current in a wire or a device . In within the scope of the present disclosure . some such embodiments , the process 1000 may be per In each of these equations , as a process of computing the formed intermittently or continuously . Although a number of constants A , the processor 108 computes the integrals different systems can perform some or all of the process around the contour along which the sensor pairs are 1000 , to simplify discussion , the process 1000 will be 15 arranged . These integrals are approximated as finite discrete described with respect to particular systems . sums using discrete measured values M ( z ) , received from The process 1000 begins at block 1002 where a processor , the sensors and indicative of magnetic field in different 
e.g. the processor 108 , receives first and second signals from directions . In some embodiments , the processor 108 may 
each of at least two magnetic sensor pairs 106 as described also use intermediate sensors values obtained by some form 
herein . The first and second signals may measure magnetic 20 of interpolation . To compute a contour integral , the proces 
field in two different directions , i.e. the first and the second sor 108 needs to determine the values of the integrated 
directions perpendicular to one another , which may be function around the contour of integration . The processor 
created the at least one wire positioned in the opening of 108 has information regarding z's ( where z is the integration 
the current measurement apparatus 102. For example , a wire variable on the contour ) , since they are the actual points of 
may be a motor control wire , a wire on or connected to a 25 the contour . The processor 108 further has information 
printed circuit board ( PCB ) , or any other type of current regarding R ( z ) because it is the distance from each point z 
carrying wire . The magnetic field may be formed as a result of the contour to the common reference point in various 
of current flowing in the wire in accordance with Oersted's embodiments , R ( z ) values can be computed and pre - stored 
law . Different sensor pairs may generate different first and in a table stored in the memory 110 and accessible to the 
second signals corresponding to a different measurement of 30 processor 108 , or the processor 108 may be configured to 

compute those as a part of the algorithm , e.g. compute those the magnetic field based at least in part on the distance of the 
wire from the different sensor pairs . Further , stray magnetic on - the - fly ) . The processor 108 has information regarding the 

magnetic field M ( z ) because it is measured by the plurality field interference may , in some cases , result in different of magnetic sensor pairs 106 located on the contour . To be measurements being obtained by the two sensor pairs . For a 35 more precise , the processor 108 does not necessarily have given sensor pair , the measurements of the first and second information regarding M ( z ) at all the points of the contour , signals may differ because of the different directions of the but just at the finitely many ( i.e. discrete ) points where the 
measurements . sensor pairs are located . The processor then use 

At block 1004 , the processor 108 may use the sensor these specific points to approximate continuous integrals 
measurements to calculate constants A related to integrals 40 with discrete sums . In some embodiments , the processor 108 
around the contour ( e.g. the contour 824 or other contours may be configured to create / generate more discrete M ( z ) 
shown in FIGS . ) along which the sensor pairs 106 are values by interpolating between the existing ones ( i.e. by 
arranged . In particular , the processor 108 may compute a interpolating between the ones for which sensor pairs 106 
plurality of contour integrals from which the constants A can obtained measurements ) . 
be derived . The integrals are taken around the path of the clamp ( i.e. 

For an example where two current wires are within the the path that contains all the sensor pairs ) . Each value M ( z ) 
opening ( as shown in some FIGS . ) , four equations may be may be represented as M ( z ) = V ( 2 ) + iV , ' ( z ) , where V , is the 
used to determine constants A at block 1004 , which con measurement along the first direction ( i.e. dotted arrow , light 
stants are later used to find two currents within the opening . gray ; e.g. the sensor 216 shown in FIG . 2 ) by a given sensor 
For example , this may be done as follows : 50 pair at a location z , and Vi ' is the measurement along the 

second direction ( i.e. solid arrow , dark gray ; e.g. the sensor 
218 shown in FIG . 2 ) given by the sensor pair at the location 

M ( 7 ) R ( z ) zi $ z . R ( z ) is the distance from the location z where a given 
sensor pair is placed to the common reference point ( e.g. 

55 point 330 shown in FIG . 3 ) . 
A1 = 2?? . Once the processor 108 calculated the A's ( i.e. constants 

A are now known ) , in block 1006 , the processor 108 can 
2ni solve a system of equations with two unknowns per each 

wire inside the clamp opening , where the two unknowns are 
A3 = 60 a current value I and current location z . For example , for the 2?? example with two wires shown in FIGS . 3 and 4 , the two 

unknowns for the first wire are 1o , Zo , and the two unknowns 
If three wires were placed within the opening , then for the second wire are 11 , Z1 . Thus K wires inside the 

additional equations would be needed for the computations opening would have 2K unknowns and need 2K equations , 
of block 1004 , in which case two more constants A would be 65 where K is an integer equal to or greater than 1. Continuing 
computed by the processor 108 ( together with the 4 con with the example described of K = 2 , implying two wires 
stants above , this would result in a total of 6 equations ) : inside the opening , the four equations that the processor 108 

108 may 

45 
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would solve at block 1008 to determine the four unknowns the wires within the opening of the current measurement 
1o , 2o , 17 , 21 , could be as follows : apparatus 102 will now be explained . 

FIG . 11 illustrates a contour 1124 , which is an example of 
10 + 11 = 40 the contours described above , inside which a wire Io , Zo is 

5 placed ( i.e. the unknowns for the processor 108 to figure out 
Zolo + zil1 = A1 are a current in the wire , or any suitable measure of such 

current , I , and location of the wire zo ) , as well as an example zo 10 + , - 1 , -42 sensor pair . Descriptions provided above with respect to the 
contour , it's relationship to the opening of the current 

21 + 2 , 21 , = Az measurement apparatus 102 , considerations with respect to 
Extending to three wires inside the opening ( i.e. K = 3 ) , the the sensor pairs , etc. , are applicable to the special case 

equations that the processor 108 would solve at block 1006 example illustrated in FIG . 11 ( as well as FIGS . 12 and 13 ) 
would become : and , therefore , in the interests of brevity , are not repeated 

here . 
10 + 11 + 12 = 40 The two measurements ( i.e. a measurement along the first 

direction and a measurement along the second direction as 
zolo + z1 / 1 + z2 / 2 = 41 described herein ) of a single sensor pair located at a distance 

rl from the wire , for the example of a single wire with 
zo 10 + z , ? 11 + z2 + 12 = 42 current lo are given by 

10 

15 

zo 1 + , 21 + z ; 1 - A3 20 

losin ( 01 ) Locos ( 01 ) Vi Ví 2.41 . + 2,411 + z2 + 12 = 44 = 

ri 

25 
zo 1 + , -1 , + z ; 1 = 45 

Thus , the case of 3 wires provides 6 equations and 6 
unknowns ( namely , unknowns 1o , 2o , 11 , Z1 , 12 , Z2 ) . 

This can be extended further to embodiments where even 
more wires are placed within the opening of the current 
measurement apparatus 102 , all of which embodiments are 
within the scope of the present disclosure . Namely , analo 
gous equations could be written for the general case of any 
number of K wires and , for the general case of K wires , 
solution of the equations ( as implemented in the processor 
108 ) may be given by the following : 

Let 

It may be noted that the equations above may be missing 
a scaling constant a magnetic constant combined with 
sensor scaling to the magnetic measurement units . This 
constant is known and the processor 108 may be configured 
to use this constant as a final scaler to convert the result to 
whatever current measurement units are being used ( A , mA , 
etc ) . 

FIG . 12 provides an illustration of FIG . 11 but in a 
complex plane . 

From basic geometry , 

30 

35 

R - Zo = | R - zole - ( - 6 ) = rie - i ( - 01 ) = 
1 1 

Pi AK - 1 A1 AK 
lo 

Vi + ivi ' ?? 
A1 

V1 ei ( 2-81 ) + ; 
P2 AK A2 - ( sin ( 01 ) + i cos ( 01 ) ) AK + 1 40 

so 
PK A2K - 2 A2 AK - 1 ( A2K - 1 

lo ( 1 ) Vi + iVi R - 20 where , as before 45 

ni $ 2 " -t M ( zde 
Then Zo , 21 , 2 

' -p2zK 

Z 
R 

Now consider a general case of the pair of sensors located 
R at a generic point z on our circle of radius R , and let zo be An 2ni the location of the current lo . Let M ( z , Zo , 1. = V ( Z , Zo , 

50 I ) . + iV , ' ( Z , Z , 1. ) be the magnetic contribution of Io . 
ZK - 1 may be the roots of polynomial Rotating FIG . 12 by -Q to put z at R is equivalent to 

p ( z ) = zk - p , 2K - 1 multiplication by -PK : 
In this manner , measurements along first and second 

directions as described herein may be used to compute 
measures of currents ( i.e. Io , and so on ) and locations of the 55 
wires ( i.e. Zo , and so on ) within the opening of the current 
measurement apparatus 102 . 

Although not specifically shown in FIG . 10 , in some as is illustrated in FIG . 13. This rotation preserves the 
embodiments , the method 1000 may further include the relative position of the current to the magnetic sensors , thus 
processor 108 computing and applying appropriate compen- 60 measurements are not altered . Thus , using formula ( 1 ) , 
sation to account for possible variations in orientation of the 
sensor pairs and differences in their relation between first 
and second directions of measurement , as described herein . lo loz lo ( 2 ) 1. ) = m ( R , Example Mathematical Derivations Rz , RZ0 
Some mathematical derivations which may help explain 65 

the background for the algorithm implemented by the pro 
cessor 108 to determine currents and locations for each of 

720 z 
M ( 2 , 20 , = 

R 720 R7 - 20 
R 
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Now , suppose that we have one magnetic source inside Zo ( 42-7141 ) = 43-2142 
the contour 1124 and other magnetic sources , outside of the Adding these pairwise yields 
contour 1124 , each contributing equation ( 2 ) to the total 
measurement : A1 ( 20 + 21 ) -2A07021 = 242-41 ( zo + z? ) 

5 

Az ( zo + z1 ) -2A12021 = 2A3 - A2 ( zo + z? ) , 
M ( z ) = 

lo 7 i.e. 12 z 13 7 
V ( z ) + IV / ( z ) = + + + ... > + 

R7 - 20 R 7-21 R 7-22 Rz 73 
10 A1 ( 20 + 21 ) -A0221 = 42 

where Zo is inside the contour 1124 and other currents are 
outside the contour . 

Then , by the Cauchy's residue theorem , 
Aj ( zo + z? ) -A1202 1 = 43 

Now , let P1 = Zo + Z4 and p2 = -2021 . Then 
15 

R ( 3 ) $ M ( 2 ) 
-dz = lo , 

Z ( C ) = AA ) * ( 0 : 2 ) 2?? 

20 
with integral taken around the circle . 

Moreover , if the first two current locations zo and z are 
inside the circle , then 

25 
( 4 ) 

Z 

and Z , and Z are the two roots of the quadratic polynomial 
z ? -P , 2 - P2 

The above integrals imply infinitely many sensor pairs 
106 , in practical implementations integrals are approximated 
with finite sums , implying finitely many sensors . 

The number of sensors can be further reduced by inter 
polating values between them . 

Two circle planes of sensors with a shared center and 
slight angle with respect to each other can also resolve 
currents which are not perpendicular to the plane of the 
clamp . 

Looking back at the equation ( 3 ) and plugging in z - Re " , 
the following may be obtained : 

R 

ef Me @ d2 = 10 + 14 
$ M ( zydz = zolo +34 
??? ? ) 

en i 2 ? M ( z ) dz = z lo + x 1 

2?? . 

R 30 
( z ) dz = zã lo + 11 2?? . 

35 
R R 21 Thus , we have four equations in four unknowns ( this can 

also be extended to more currents inside the contour ) : 
lo = • Riele do M ( Reidy , 

27 2? 

10 + 11 = 40 
since I , is real 40 Zolo + z1I1 = 41 

= Rel 

45 

zo21 . + z ²1 , = A2 
lo M ( Rei do Vi ( Reis ) do . 27 

zo®1o + z11 , = Az ( 5 ) 

where A0 , A1 , A2 and Az are constants computed from the Thus , in some embodiments , only a single magnetic sensor measurements around the contour . These are simple sensor measurement along the direction that is tangential to for the processor 108 to solve explicitly ( in other embodi the contour may be needed to determine a single current ments the processor 108 may apply various iterative solu 
tions as well ) . One example derivation of the explicit inside the clamp and negate all the currents outside the 
solution given before for the two current case is described in 50 clamp . However , to use the approach with the equations ( 4 ) 
the next paragraph . to solve for multiple currents inside the contour , a measure 
From equations ( 5 ) , ment along an orthogonal direction is needed as well , for 

each sensor pair at each point . 
( 21-20 ) I1 = 41-2040 While FIGS . 11-13 illustrate the closed contour 1124 as a 

55 circle , with the common reference point 1130 being the 
z? ( 21-20 ) 41 = A2-2041 center of the circle , as described above this must not always 

be the case . For a generic closed contour ( e.g. as shown in zi ? ( 21-20 ) / 1 = 43 - Zo42 FIG . 5 ) , an arbitrary point may be selected inside the contour 
as the " center of coordinates ” for the purpose of calcula Thus , 60 tions . Now locate orthogonal pairs of sensor measurement 
directions on the contour so that , for each sensor pair , one 21 ( 41-2040 ) = 42–2041 measurement direction is perpendicular to the line connect 

Z1 ( A2-2041 ) = 43-2042 ing the point of the center of the sensor pair to the selected 
common reference point and the other measurement direc Due to the symmetry of Z , and z in equations ( 5 ) , they can 65 tion is perpendicular to it . Then equation ( 2 ) still holds , be exchanged in the above : except that R , which is the distance from the sensor to the 

Zo ( 41-2140 ) = 42 = 2141 origin , is now a function of z : 
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( 6 ) 7 

M ( z , zo , 10 ) = 
lo z 

R ( Z ) - 20 
1 21 

lo + 11 - 2ni 8 M M ( Sk ) ( R ' ( UK ) + iR ( UK ) ) 
k = 0 

5 

Thus , contribution of all currents is This is simply a weighted sum of the eight complex 
magnetic measurements where , in some embodiments , the 
weights R ' ( x ) + iR ( x ) can be pre - computed and stored in a 
small table , e.g. stored in the memory 110. Similarly , equa 

10 tions in ( 4 ) may be transformed into : 
M ( z ) = V ( z ) i + iV ( z ) = 

11 7 13 Z lo 7 

R ( 2 ) 2 - 20 
+ + 

12 Z 
R ( 2 ) 2 - 22 

+ + ... 
R ( 2 ) 2 - 21 R ( z ) – 23 

( 10 ) 
lo + 11 = 23 M ( 653 ) R ( 64 ) + iP ( oc ) 

15 k = 0 M ( 2 ) may not be meromorphic since R ( z ) may not be 
meromorphic , however M ( z ) R ( z ) is clearly meromorphic , so 
the same math applies for either single or multiple currents 
inside the clamp . For example equation ( 3 ) becomes 

7 1 27 
W zo lo + z1 11 z Sk M ( sk ) ( R ' ( Uk ) + iR ( 4k ) ) 2ni 8 

k = 0 

7 1 21 
20 Zã lo + z? 11 ( 8 ) S S M ( sk ) ( R ' ( 4x ) + iR ( 4k ) ) 1 2ni 8 

lo = wife M ( Z ) R ( z ) 
dz , 

Z 
k = 0 

2ni . 

27 
Zlo + z111 = S M ( sk ) ( R ' ( 4k ) + iR ( $ k ) ) 2ni 8 

k = 0 and equations ( 4 ) become 
25 

( 9 ) M ( z ) R ( 3 ) 
-dz = lo + 11 

Z erif 
2.i $ ( 2 ) R [ 2 ] dz = zolo +2111 
2i $ M ( 2 ) R ( = dz = zlo + zi1 

In the more common case of the contour being a circle of 
radius R , and center of coordinates being the center of this 
circle , R ( z ) = R is a constant , so its derivative is zero , thus 
equations ( 5 ) become 30 

( 11 ) 

k = 0 

35 Pridan 7 R 27 

k = 0 

7 R 27 

40 278 
k = 0 

7 R 27 

k = 0 

45 

2ni . R 27 
1 + 1 ~ M ( sk ) 2n 8 

z ? M ( z ) R ( z ) dz = zlo + zili 

zolo + Z111 S4 M ( sk ) 27 8 

In various embodiments , R ( z ) can be precomputed as a 
table value for each sensor pair , so it does not need to be Zã lo + z? 11 s M ( Sk ) computed in real time . 
Now an implementation of the integral formulas ( 4 ) in a 

practical application will be described . Zo lo + 111 s M ( Sk ) 
To this end , it would be illustrative to turn back to the 

example of FIG . 5 , showing a generic contour 524 with a 
generic center of coordinates 530 , with eight pairs of sensor The above derivations are shown as an example only . In pairs s located at discrete set of points on the contour . By the practice , it is very likely that more than eight sensor pairs 
definition of a contour integral , first the contour may be 106 may be needed in order to obtain current measurements parametrized . If the contour is convex , as shown in the with adequate precision ( although the processor 108 could 
example of FIG . 5 , then it can be parametrized as a function 50 be configured to create more sensor pair measurements by of the argument of z ( i.e. angle to the real axis ) : interpolating between adjacent sensor pairs ) . 

Further Examples of Sensor Arrangement and Methods 
z = C ( ) = R ( Q ) e14,9E [ 0,20 ] As previously described , embodiments disclosed herein 

Then , the first integral of equations ( 4 ) becomes may use magnetic sensors , e.g. AMR sensors , to measure 
55 current flow in one or more conductor wires , e.g. in a 

multi - conductor cable . Although not limited as such , assum 
M ( z ) R ( z ) ing the multi - conductor cable is a 3 - wire cable with one wire 

10 +11 • dz 
2ni , being ground and assuming the ground wire is not carrying 

current , there may be a total of eight variables to determine . 
P21 M ( R ( Q ) e ) R ( O ) + R ( y ) ie % ) dy 60 In a situation where current is also being measured in a 

2ni R ( yleis ground wire due , for example , to damage to the cable , there 
M ( R ( y ) e % ) ( R ' ( $ ) + iR ( y ) dy . may be more than 8 variables . 

ni . The 8 variables include the x , y position of each conductor 
( e.g. , each of the hot and the neutral conductors ) , the current 

65 flowing through each conductor , and the background mag 
It is now possible to approximate this integral using eight netic field in the x and y directions . The background 

discrete points of sensor pair measurements , as in FIG . 5 : magnetic field may be due to Earth's magnetic field and / or 

1 
= 

1 ( R ' ( pobedio 
1 27 

== 
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a field from a wire that is nearby to the current measuring sides , as shown in FIGS . 14A and 14B . However , in some 
apparatus . To determine the values of the 8 variables , it is embodiments , the first set of sensor circuits and the second 
desirable to develop a configuration for the placement of the set of sensor circuits may be positioned at different loca 
magnetic sensors in a defined fashion that yields the optimal tions , either on the same or on different sides of the housing , 
field solving solution . One such non - limiting configuration 5 e.g. of the PCB . In some embodiments , each of the sensor 
is to position eight magnetic sensors in a circular fashion circuits may include a plurality of sensors , such as 4 sensors 
where each sensor senses the magnetic field strength in the in a Wheatstone bridge configuration . Thus , for the example 
X direction . These sensors can be placed on top of the PCB of FIGS . 14A and 14B , there may be 32 sensors positioned 
Board . Similarly , another eight magnetic sensors can be on each side of the PCB to measure the x and y components 
placed at the exact same location as the first eight sensors , 10 of the magnetic field produced by one or more of the 
but at the bottom of the printed circuit board ( PCB ) and conductor wires and / or the background field . 
oriented to measure the magnetic field strength in the Y In certain embodiments disclosed herein , the sensor cir 
direction . Together , a pair of such magnetic sensors at each cuits can be positioned symmetrically on the housing / PCB 
location on the opposite sides of the PCB is an example of or symmetrically around a target measurement area . In other 
one of the magnetic sensor pairs 106 , described above . This 15 embodiments , the sensor circuits may be positioned at 
configuration yields 16 data points for eight x , y locations various locations to improve or maximize the accuracy of 
( i.e. eight magnetic sensor pairs 106 ) where magnetic field the sensor measurements . 
strengths can be measured . In some embodiments of one or Sixteen magnetic field measurements may be obtained 
more of such magnetic sensor pairs 106 , the location of the from the two sets of eight sensor circuits . Each of the sixteen 
sensors for measuring the x - component of the magnetic field 20 magnetic field measurements can be a non - linear function of 
and the location of the sensors for measuring the y - compo the eight variables mentioned earlier for the example of two 
nent of the magnetic field may differ from each other . conductor wires carrying current , e.g. for the example of a 
FIGS . 14A and 14B illustrate an example placement of two - wire cable or a three - wire cable with a ground wire 

sensors within an example apparatus for measuring current ( e.g. , the x , y location of each conductor with a current flow , 
in accordance with certain embodiments . As illustrated in 25 the current flow of each of the two conductors , and the 
FIG . 14A , a first set of eight sensor circuits may be posi background magnetic field in the x and y directions ) . Each 
tioned on one side , such as , but not necessarily , a top - side of the sixteen magnetic sensors of 8 magnetic sensor pairs 
1400A , of the PCB of a current measuring apparatus , such 106 can be used with an Analog Front End and an ADC to 
as e.g. the current measurement apparatus 200 or any other transmit the field measurements to a processor ( Analog 
apparatus that may be included as a part of the current 30 Front End , ADC , and Processor shown in FIGS . 14A and 
measurement system 100 , e.g. as the current measurement 14B in a block 1402 ) , e.g. the processor 108 , that processes 
unit 104 of the current measurement system 100. This first the measurements as described herein . The ADC can sample 
set of eight sensors circuits may each be oriented the sensor output at a relatively fast rate provide a 
a magnetic field in an x - direction . Similarly , as illustrated in continuous stream of data from each sensor or sensor circuit . 
FIG . 14B , a second set of eight sensor circuits may be 35 In certain embodiments , the processor 108 may use non 
positioned on the opposite side , such as , but not necessarily , linear least square solving techniques to extract the values 
a bottom - side 1400B , of the PCB of said current measuring for the eight variables from the sixteen magnetic field 
apparatus . The sensor circuits of the second set of eight strength measurements . Moreover , in certain embodiments , 
sensors circuits may each be oriented to measure a magnetic the processor 108 may use a successive approximation 
field in a y - direction . As is shown in FIGS . 14A and 14B 40 method to minimize the error between the sixteen measure 
with two example sensor circuits ( one from each FIG . ) ments for the field strengths and a set of predicted field 
circled in a dashed line and with another dashed line strengths that are predicted based on a predicted x , y location 
connecting these two sensor circuits , a sensor circuit on one of each conductor , a predicted current flow of each conduc 
side 1400A ( i.e. a sensor circuit from the first set of sensor tor and the background fields . The existence of a local 
circuits ) and a corresponding sensor circuit on the other side 45 minimizer for the error may be based on the fact that the 
1400B ( i.e. a sensor circuit from the second set of sensor measurements originated from two opposing current flows 
circuits ) together form an example of the magnetic sensor in a multi - conductor cable or in any multiple conductor 
pair 106 as described above . Thus , unless specified other wires . 
wise , descriptions provided above are applicable to the In some embodiments , the processor 108 may use a 
arrangements shown in FIGS . 14A and 14B . 50 number of non - linear least square fit operations to derive the 

In some embodiments , the second set of eight sensor solution and determine values for the variables . One main 
circuits may be positioned orthogonally from the first set of metric may be to utilize the least number of time steps to 
eight sensor circuits . Although , as described above , it is achieve the smallest error and converge quickly . One 
possible in some embodiments for the first and second set of method that can be used by the processor 108 to derive the 
sensor circuits to be positioned non - orthogonally to each 55 solution is the Steepest Descent Method , which has very 
other , positioning the sensor circuits non - orthogonally can good performance in the first few iterative steps , but its final 
increase the complexity of measuring the magnetic fields . As settling may be linear and slow . Another method that may be 
illustrated in FIGS . 14A and 14B , the sensors circuits can used by the processor 108 is the Newton Method , which is 
measure the field strength in an x - direction of a coordinate very good in the final stages of the iterative process when the 
plane and a y - direction of a coordinate plane when a wire is 60 predicted value is close to the solution . Another possible 
positioned within a target measurement zone of a housing of approach is for the processor 108 to use a hybrid operation 
the current measurement apparatus . The wire may extend in that can initially use the Steepest Descent method and then 
a z - direction that points out of the drawing sheet towards a use the Newton method when close to final settling . The 
viewer of the drawing sheet . challenge with such hybrid operations is to develop robust 

In some embodiments , the first set of sensor circuits and 65 switch over operations that are not overly computational 
the second set of sensor circuits may be positioned at complex . In other embodiments , the processor 108 can use 
substantially the same location on the PCB , but on opposite versions of the Levenberg - Marquardt method and the Pow 

measure 
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ell’s Dog Leg method , or versions of the damped Gauss of magnetic resistive sensors ( e.g. the processor 108 may 
Newton method for solving non - linear least square prob control the measurement process carried out by the sensor 
lems . These methods are often considered as the best pairs 106 and receive results of the measurements ) . In 
methods for solving non - linear least square fit problems with certain embodiments , each of the sensor pairs 106 may be 
the fastest convergence times for such applications . 5 used to determine an x , y magnetic field strength at a 

FIG . 15 presents an example of the Levenberg - Marquardt particular location . 
operation that can be used with a current measurement At block 1608 , the processor 108 may calculate an 
process , such as the process 1600 described below or the expected magnetic field strength at each sensor based on the 
processes 900 or 1000 described above , for the processor projected position of the first wire , the second wire , and the 
108 to solve for one or more variables when determining 10 background field . Further , the block 1608 may involve the 
current flow within one or more conductor wires . Combin processor 108 calculating the expected magnetic field 
ing these non - linear solvers with magnetic sensor pairs strength based on the assigned current values assigned at the 
based contactless current sensing delivers a solution for block 1604 for current flowing through the first wire and 
multi - conductor current sensing for which no adequate second wire . As a hypothetical current and a position are 
solution exists today . 15 assigned to each wire , it is possible to determine an expected 

FIG . 16 presents a flowchart of an example current magnetic field strength to be measured by each sensor . If the 
measurement process 1600 for determining current flow hypothetical current and position of each wire matches the 
through at least one conductor wire according to yet another actual current and position of each wire , the calculated or 
embodiment of the present disclosure . The process 1600 can expected magnetic field strength should match the measured 
be implemented by any current measurement system that 20 field strength determined at the block 1606. A difference 
can measure the amount of current flowing through one or between the measured and expected magnetic field strengths 
more wires . The process 1600 , in whole or in part , can be of each sensor may be determined as an error value . In some 
implemented using , for example , the mobile current mea embodiments , the processor 108 may calculate a separate 
surement apparatus 102 , the current measurement unit 104 , error value for the magnetic field strength measured at each 
one or more processors 108 , the sensor pairs 106 , and the 25 magnetic sensor . In other embodiments , the processor 108 
like . The process 1600 may be performed in response to a may determine an aggregate error value , or an error value 
wire being positioned within an opening of the current that reflects the total error of the magnetic field strength , by , 
measuring apparatus 102 , positioned within a target mea for example , taking a differential between the calculated 
surement zone of the current measuring apparatus 102 , a expected magnetic field strength and the measured magnetic 
command from a user , or any other trigger that may initiate 30 field strength of the set of magnetic resistive sensors . 
measurement of a current in a wire . In some embodiments , At decision block 1610 , the processor 108 may determine 
the current measuring apparatus 102 may be permanent or whether an error value between the measured magnetic field 
affixed a component enabling continuous or intermittent strengths and the expected magnetic field strengths is less 
monitoring of current in a wire or a device . In some such than a threshold . The threshold may be set by a user or by 
embodiments , the process 1600 may be performed intermit- 35 a manufacturer of the current measurement apparatus . In 
tently or continuously . Although a number of different certain embodiments , the decision block 1610 may involve 
systems can perform some or all of the process 1600 , to the processor 108 determining whether the error value is at 
simplify discussion , the process 1600 will be described with a minima or minimum point . Because the current assigned 
respect to particular systems . to the wire as part of the block 1604 may not match the 

The process 1600 may begin at block 1602 where , for 40 actual current in the wire , it may not be possible to obtain an 
example , the processor 108 determines a projected position error that satisfies the threshold . However , by determining 
of the first conductor wire , a second conductor wire , and a the point where the error is at a minimum , the location of the 
background field . In some embodiments , the first wire and conductor wires ( e.g. the location of the multi - conductor 
the second wire may be part of a multi - conductor cable . In cable ) within the target measurement area can be determined 
other words , in some cases , the first wire may be a hot wire 45 by the processor 108. Once the location is determined within 
and the second wire may be a neutral wire within a Romex® the target measurement area , the processor 108 may deter 
wire . In some embodiments , the initial projected position of mine the current flowing through the first wire and the 
the first wire and the second wire may be the center of a second wire , based at least in part on the strength of the 
target measurement area of a current measurement appara magnetic field measured at the determined location . In some 
tus . In some embodiments , the initial projected position of 50 embodiments , determining whether the error value is less 
the first wire and the second wire may on average be the than a threshold comprises the processor 108 determining a 
center of the target measurement area . Because there are root mean square sum of errors measured between the output 
multiple wires , it may , in some cases , not be possible for of the sensors and the expected output of the sensors . It can 
both wires to be positioned at the center of the target then be determined whether the root mean square sum is less 
measurement area . Accordingly , each of the first wire and 55 than , or satisfies , the threshold . 
the second wire may be equally offset , but in opposite If the processor 108 determines at the decision block 1610 
directions , from the center of the target measurement area that the error value is not less than the threshold or does not 
such that the averaged or summed locations of the two wires satisfy a threshold , then the process 1600 may proceed to the 
is at the center of the target measurement area . block 1612. At the block 1612 , the processor 108 may adjust 
At block 1604 , the processor 108 may assign a positive 60 the projected position of one or more of the first wire , the 

current value to the first wire and a negative current value of second wire , and / or the background field . In some embodi 
the same magnitude to the second wire , or vice versa . For ments , the process may then return to the block 1606 ( as 
example , the current assigned to the first wire may be one shown in FIG . 16 with an arrow from the block 1612 to the 
amp ( 1 A ) and the current assigned to the second wire may block 1606 ) where the magnetic field strength at each of the 
be negative one amp ( -1 A ) . 65 set of magnetic resistive sensors is measured again . At the 

At block 1606 , the processor 108 , using the sensor pairs block 1608 , the processor 108 may recalculate the expected 
106 , may measure a magnetic field strength at each of the set magnetic field strength based on the updated projected 
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position of one or more of the first wire , the second wire , and at least one wire based on the signals generated by at least 
the background field . Advantageously , in certain embodi two or more of the plurality of magnetic sensor pairs . 
ments , by repeating the process associated with the block Example 2 provides the apparatus according to Example 
1606 , movement of the current measuring apparatus , for 1 , where the first direction is substantially perpendicular to 
example due to shaking or other movement of the operator's 5 the second direction for all magnetic sensor pairs . 
hand , during the measurement process can be accounted for Example 3 provides the apparatus according to Examples 
in the determination of the current within one or more 1 or 2 , where each of the plurality of magnetic sensor pairs 
conductor wires . Alternatively , in certain embodiments , the is arranged with respect to a common reference point so that , 
process 1600 may proceed from the block 1612 to the block for each magnetic sensor pair the first direction is substan 
1608 , i.e. skip performing the measurements again ( not 10 tially perpendicular to a line connecting a sensor reference 
specifically shown in FIG . 16 with an arrow from the block point ( e.g . a magnetic center ) of the magnetic sensor pair and 

the common reference point , and the second direction is 1612 to the block 1608 ) . In some such embodiments , the substantially parallel to said line . measured magnetic field strength previously obtained during Example 4 provides the apparatus according to any one of 
performance of the process 1600 may be used during 15 the preceding Examples , where a relation between the first performance of the decision block 1610 . direction and the second direction is the same for all of the 

If the processor 108 determines at the decision block 1610 plurality of magnetic sensor pairs . 
that the error value is less than the threshold or does satisfy Example 5 provides the apparatus according to Example 
a threshold , the process 1600 may proceed to the block 1614 . 4 , where the relation between the first direction and the 
At the block 1614 , the processor 108 may determine a 20 second direction is that the second direction points away 
current value for the first wire and the second wire based at from the common reference point and the first direction is a 
least in part on the position of the first wire and the second clockwise 90 degrees rotation of the second direction . 
wire and the measured magnetic field hs for the set of Example 6 provides the apparatus according to Example 
magnetic sensors 106. In certain embodiments , determining 4 , where the relation between the first direction and the 
the current value for the first wire and the second wire may 25 second direction is that the second direction points away 
include repeating a modified version of the process 1600 from the common reference point and the first direction is a 
using the known location , as determined using embodiments counterclockwise 90 degrees rotation of the second direc 
of the process 1600 , of the first wire and the second wire tion . 
within the target measurement area while varying the current Example 7 provides the apparatus according to Example 
value applied to the first wire and the second wire . Upon 30 4 , where the relation between the first direction and the 
determining the current value that provides the minimum second direction is that the second direction points towards 
error , the current value may be displayed to a user on a the common reference point and the first direction is a 
display or conveyed to a user using any kind of an output clockwise 90 degrees rotation of the second direction . 
device , e.g. the output device 114 , of the current measure Example 8 provides the apparatus according to Example 
ment apparatus 102 . 35 4 , where the relation between the first direction and the 

Descriptions of the method 1600 may be extended to any second direction is that the second direction points towards 
other number of conductor wires and any arrangements of the common reference point and the first direction is a 
the magnetic sensor pairs 106 , all of which being within the counterclockwise 90 degrees rotation of the second direc 
scope of the present disclosure . tion . 

Example 9 provides the apparatus according to Example 
Select Examples 1 , where the two or more magnetic sensor pairs ( i.e. the 

sensor pairs signals of which are used to derive a measure of 
Example 1 provides an apparatus for measuring current current in the at least one wire ) include a first magnetic 

flow through at least one conductor wire . The apparatus may sensor pair and a second magnetic sensor pair . Both mag 
include a housing having an opening for receiving the at 45 netic sensor pairs may be arranged with respect to a common 
least one wire . The opening may correspond to a target reference point ( e.g. , reference point 630 , shown in FIG . 6 ) 
measurement zone for measuring a current flowing through so that , for the first magnetic sensor pair ( e.g. , magnetic 
one or more conductor wires , e.g. in a multi - conductor sensor pair S3 , shown in FIG . 6 ) , the first direction of the first 
cable , when the conductor wires are positioned within the magnetic sensor pair is at a first angle ( e.g. , angle Az , shown 
opening . The apparatus may further include a plurality of 50 in FIG . 6 ) with respect to a line connecting a sensor 
magnetic sensor pairs , and a hardware processor . The plu reference point ( e.g. a magnetic center ) of the first magnetic 
rality of magnetic sensor pairs may be arranged within the sensor pair and the common reference point , and the second 
housing ( i.e. arranged on or at least partially in the housing ) , direction of the first magnetic sensor pair is substantially 
e.g. positioned around the opening of the housing . The one perpendicular to the first direction of the first magnetic 
or more conductor wires may extend in a z - direction ( when 55 sensor pair and is at a second angle ( e.g. , angle 03 , shown in 
positioned within the opening ) , while the plurality of mag FIG . 6 ) with respect to the line connecting the sensor 
netic sensor pairs may be positions in one or more x - y planes reference point of the first magnetic sensor pair and the 
of a three - dimensional coordinate system . Each magnetic common reference point , and , for the second magnetic 
sensor pair may be configured to generate signals when the sensor pair ( e.g. , magnetic sensor pair S4 , shown in FIG . 6 ) , 
at least one wire extends through the opening ( e.g. when at 60 the first direction of the second magnetic sensor pair is at a 
least a portion of the wire is positioned within the opening ) , third angle ( e.g. , angle 04 , shown in FIG . 6 ) with respect to 
said signals including a first signal ( e.g. a first voltage or a a line connecting a sensor reference point ( e.g. a magnetic 
first current ) indicative of a magnetic field in a first direction , center ) of the second magnetic sensor pair and the common 
and a second signal ( e.g. a second voltage or a first current ) reference point , and the second direction of the second 
indicative of a magnetic field in a second direction . The 65 magnetic sensor pair is substantially perpendicular to the 
hardware processor may be configured to derive a measure first direction of the second magnetic sensor pair and is at a 
of a current in ( a current that may be flowing through ) the fourth angle ( e.g. , angle 04 , shown in FIG . 6 ) with respect to 

40 
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the line connecting the sensor reference point of the second Example 21 provides the apparatus according to any one 
magnetic sensor pair and the common reference point . of Examples 1-19 , where the plurality of magnetic sensor 

Example 10 provides the apparatus according to Example pairs includes anisotropic magnetoresistance 
9 , where when the first angle is not equal to the third angle ( AMRS ) . 
and is not equal to the fourth angle , the hardware processor 5 Example 22 provides the apparatus according to any one 
is configured to compensate for a difference between the first of Examples 1-19 , where the plurality of magnetic sensor 
angle and the third angle or compensate for a difference pairs includes giant magnetoresistance sensors ( GMRs ) . 
between the first angle and the fourth angle prior to or when Example 23 provides the apparatus according to any one 
deriving the measure of the current in the at least one wire of Examples 1-19 , where the plurality of magnetic sensor 
based on the signals generated by the first magnetic sensor 10 pairs includes tunnel magnetoresistance sensors ( TMRs ) . 
and the second magnetic sensor . Example 24 provides the apparatus according to any one 

Example 11 provides the apparatus according to Example of Examples 1-19 , where the plurality of magnetic sensor 
9 , where when none of the first angle and the second angle pairs includes magneto - optical sensors . 
is equal to zero , the hardware processor is configured to Example 25 provides the apparatus according to any one 
compensate for a deviation of the first direction or the 15 of Examples 1-19 , where the plurality of magnetic sensor 
second direction of the first magnetic sensor from being pairs includes superconductor current sensors . 
parallel to the line connecting the sensor reference point of Example 26 provides the apparatus according to any one 
the first magnetic sensor and the common reference point of the preceding Examples , where the at least one wire is a 
prior to or when deriving the measure of the current in the first wire , each magnetic sensor pair of the plurality of 
at least one wire based on the signals generated by the first 20 magnetic sensor pairs is configured to generate the signals 
magnetic sensor . when both the first wire and a second wire extend through 

Example 12 provides the apparatus according to Example the opening , and the hardware processor is further config 
11 , where when none of the third angle and the fourth angle ured to derive a measure of a current in the second wire 
is equal to zero , the hardware processor is configured to based on the signals generated by at least two or more of the 
compensate for a deviation of the first direction or the 25 plurality of magnetic sensor pairs . 
second direction of the second magnetic sensor from being Example 27 provides the apparatus according to Example 
parallel to the line connecting the sensor reference point of 26 , further including a display unit configured to display a 
the second magnetic sensor and the common reference point graphical representation of the measure of the current in the 
prior to or when deriving the measure of the current in the second wire and the measure of the current in the first wire 
at least one wire based on the signals generated by the 30 derived by the data processing system . 
second magnetic sensor . Example 28 provides the apparatus according to Example 
Example 13 provides the apparatus according to any one 27 , where the display unit is further configured to display 

of the preceding Examples , where the plurality of magnetic relative locations ( i.e. locations with respect to one another 
sensor pairs are arranged substantially uniformly along an or with respect to some common reference point ) of the first 
imaginary or hypothetical closed contour . 35 wire and the second wire . 

Example 14 provides the apparatus according to Example Example 29 provides the apparatus according to any one 
13 , where the closed contour is substantially a circle , an of the preceding Examples , further including an output 
ellipse , or a quadrilateral . device configured to display a graphical representation of 
Example 15 provides the apparatus according to any one the measure of the current in the at least one wire derived by 

of Examples 1-14 , where each of one or more of the plurality 40 the hardware processor . 
of magnetic sensor pairs includes a first and a second In further Examples , the apparatus may include a proces 
sensors , the first sensor configured to generate the first signal sor configured to assign a projected position of a first wire 
and the second sensor configured to generate the second and a second wire of the one or more conductor wires ( e.g. 
signal . of a multi - conductor cable ) within the target measurement 

Example 16 provides the apparatus according to Example 45 zone ; calculate an expected magnetic field strength for the 
15 , where the housing has a first face and an opposite second first wire and the second wire in the x - direction and the 
face , the first magnetic sensor of each of one or more of the y - direction based at least in part on the projected position of 
plurality of magnetic sensor pairs is provided on the first the first wire and the second wire with respect to each of the 
face of the housing , and the second magnetic sensor of each first set of sensor circuits and the second set of sensor 
of one or more of the plurality of magnetic sensor pairs is 50 circuits ; measure ( or control the magnetic sensor pairs to 
provided on the second face of the housing . measure ) the magnetic field strength in the x - direction and 

Example 17 provides the apparatus according to Example the y - direction using each of the first set of sensor circuits 
15 , where , for each of one or more of the plurality of and the second set of sensor circuits as described herein ; 
magnetic sensor pairs , the first magnetic sensor is separated determine an error value based on a difference between the 
from the second magnetic sensor by a gap ( i.e. the first and 55 expected magnetic field strength in the x - direction and the 
second magnetic sensors of each magnetic sensor pair are y - direction and the measured magnetic field strength in the 
provided within the housing at a distance from one another ) . x - direction and the y - direction ; successively adjust the pro 

Example 18 provides the apparatus according to Example jected position of the first wire and the second wire until the 
15 , where the first magnetic sensors of the plurality of error value satisfies an error threshold ; and determine a 
magnetic sensor pairs and interleaved with the second 60 current flowing through the first wire and the second wire 
magnetic sensors of the plurality of magnetic sensor pairs . based at least in part on the projected position of the first 

Example 19 provides the apparatus according to any one wire and the second wire when the error value satisfies the 
of Examples 1-14 , where each of one or more of the plurality error threshold and the measured magnetic field strength in 
of magnetic sensor pairs includes a multi - axis sensor . the x - direction and the y - direction . 

Example 20 provides the apparatus according to any one 65 In certain further Examples , each sensor circuit of the first 
of Examples 1-19 , where the plurality of magnetic sensor set of sensor circuits and each sensor circuit of the second set 
pairs includes Hall effect sensors . of sensor circuits may include four magnetic sensors con 
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figured in a Wheatstone bridge . Alternatively , each sensor a measure of a current in the wire based on the signals 
circuit of the first set of sensor circuits and each sensor generated by at least two or more of the plurality of magnetic 
circuit of the second set of sensor circuits may include two sensor pairs . 
magnetic sensors configured in a half - Wheatstone bridge . Example 33 provides a method for determining current in 
Each sensor circuit of the first set of sensor circuits and each 5 a conductor wire , the method including receiving signals 
sensor circuit of the second set of sensor circuits may generated by a plurality of magnetic sensor pairs arranged 
include one or more AMR sensors . In certain Examples , the within a housing having an opening for receiving one or 
processor may be further configured to determine the error more conductor wires , where said signals are generated 
value by determining a root mean square sum of errors while the wire extends through the opening ( e.g. when at 
between the expected magnetic field strength and the mea 10 least a portion of the wire is positioned within the opening ) , 
sured magnetic field strength with respect to each of the first and where the signals from each magnetic sensor pair of the 

plurality of magnetic sensor pairs include a first signal ( e.g. set of sensor circuits and the second set of sensor circuits . a first voltage or a first current ) indicative of a magnetic field Moreover , in certain Examples , the processor may be further in a first direction , and a second signal ( e.g. a second voltage 
configured to determine whether the error value satisfies the 15 or a first current ) indicative of a magnetic field in a second error threshold by determining whether the root mean square direction , and deriving a measure of a current in the wire 
sum of errors satisfies the error threshold . based on the signals generated by at least two or more of the Example 30 provides a method for operating an apparatus plurality of magnetic sensor pairs . 
for measuring current flow through at least one conductor In further Examples , the method according to any one of 
wire . The method may include enclosing the wire within an 20 claims 32-33 may further include features for determining 
opening in a housing of the apparatus so that the wire current in an apparatus according to any one of the preceding 
extends through the opening ( i.e. at least a portion of the Examples , e.g. any one of Examples 1-29 . 
wire is positioned within the opening ) , where the opening is Example 34 provides an apparatus for measuring current 
for receiving one or more conductor wires and the housing flow through a multi - conductor cable , the apparatus includ 
includes a plurality of magnetic sensor pairs arranged 25 ing a housing comprising an opening configured to receive 
therein or thereon ( e.g. arranged around the opening of the a multi - conductor cable ; first magnetic sensors arranged 
housing ) ; using a hardware processor of the apparatus to around the opening and configured to measure magnetic 
receive signals generated by the plurality of magnetic sensor field strength in a first direction ; second magnetic sensors 
pairs while the wire is enclosed within the opening , where arranged around the opening and configured to measure 
the signals generated by each magnetic sensor pair of the 30 magnetic field strength in a second direction ; and a hardware 
plurality of magnetic sensor pairs include a first signal ( e.g. processor configured to determine current flowing through a 
a first voltage or a first current ) indicative of a magnetic field single conductor of the multi - conductor cable based on 
in a first direction , and a second signal ( e.g. a second voltage outputs from the first magnetic sensors and the second 
or a first current ) indicative of a magnetic field in a second magnetic sensors . 
direction ; and using the hardware processor to derive a 35 Example 35 provides the apparatus according to Example 
measure of a current in the wire based on the signals 34 , where the processor is further configured to determine 
generated by at least two or more of the plurality of magnetic current flowing through a second individual conductor of the 
sensor pairs . multi - conductor cable based on the outputs from the first 

Example 31 provides the method according to Example magnetic sensors and the second magnetic sensors . 
30 , where the wire is a first wire and where the method is 40 Example 36 provides the apparatus according to Example 
further for determining current in a second wire , the method 34 , where the first magnetic sensors comprise anisotropic 
further including enclosing the second conductor with the magnetoresistive sensors . 
opening so that the second wire extends through the opening Example 37 provides the apparatus according to Example 
( e.g. at least a portion of the second wire is positioned within 34 , where the processor is configured to determine the 
the opening ) ; using the hardware processor to receive sig- 45 current flowing through the single conductor based on 
nals generated by the plurality of magnetic sensor pairs non - linear operations for calculating the current flowing 
while both the first wire and the second wire are enclosed through the single wire . 
with the opening ; and using the hardware processor to derive Example 38 provides the apparatus according to Example 
a measure of a current in the second wire based on the 34 , where the processor is configured to determine the 
signals generated by at least two or more of the plurality of 50 current flowing through the single conductor based at least 
magnetic sensor pairs . in part on a least square fit operation . 

In further Examples , the method according to any one of Example 39 provides the apparatus according to Example 
claims 30-31 may further include features for operating an 34 , further including an analog front end and an analog - to 
apparatus according to any one of the preceding Examples , digital converter in a signal path between a magnetic sensor 
e.g. any one of Examples 1-29 . 55 of the first magnetic sensors and the processor . 

Example 32 provides a method for determining current in Example 40 provides the apparatus according to Example 
a conductor wire , the method including causing a plurality 34 , where the first direction is substantially orthogonal to the 
of magnetic sensor pairs arranged within a housing having second direction . 
an opening for receiving one or more wires to generate Example 41 provides the apparatus according to Example 
signals when the wire extends through the opening ( e.g. 60 34 , where the first magnetic sensors and the second magnetic 
when at least a portion of the wire positioned within the sensors are disposed within the housing . 
opening ) , the signals from each magnetic sensor pair of the Example 42 provides the apparatus according to Example 
plurality of magnetic sensor pairs including a first signal 34 , where the first magnetic sensors comprise four magnetic 
( e.g. a first voltage or a first current ) indicative of a magnetic 
field in a first direction , and a second signal ( e.g. a second 65 Example 43 provides the apparatus according to Example 
voltage or a first current ) indicative of a magnetic field in a 42 , where the four magnetic sensors are disposed in a 
second direction ; and using a hardware processor to derive Wheatstone bridge configuration . 

sensors . 
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Example 44 provides the apparatus according to Example to determine the projected position of the first wire at a point 
34 , where the processor is configured to determine the where the error value satisfies the error threshold . 
current flowing through the single conductor based at least 
in part on a determination of one or more magnetic field OTHER IMPLEMENTATION NOTES , 
strengths measured by at least some of the first magnetic 5 VARIATIONS , AND APPLICATIONS 
sensors and the second magnetic sensors , and a determina 
tion of a location of the single conductor within a target Principles and advantages discussed herein can be used in 
measurement area . any device to measure the current flowing through one or 

Example 45 provides a method of measuring current more conductor wires . Further , embodiments disclosed 
flowing through a multi - conductor cable , the method includ- 10 herein can be used to increase a zone or area in which a 
ing : determining a projected position of a first wire and a conductor wire can be located during measurement of the 
second wire of a multi - conductor cable within a target current flowing through the wire , thereby making it possible 
measurement zone ; assigning a first projected current value to measure the current in wires that are awkwardly posi 
to the first wire and a second projected current value to the tioned or are blocked by other components . Further , embodi 
second wire ; measuring a magnetic field strength of a 15 ments disclosed herein improve the accuracy of the current 
magnetic field generated by a first current flowing through measurement and / or reduce the impact of stray field inter 
the first wire and a second current flowing through the ference on the current measurement in the wire ( s ) . The 
second wire , wherein the magnetic field strength is mea embodiments discussed herein can be implemented to mea 
sured using a set of magnetic sensors arranged around the sure current in a variety of systems , including systems 
target measurement zone ; determining an expected magnetic 20 related to residential electrical systems , electric vehicles , 
field strength based at least in part on the projected position solar energy , power storage , or other systems in which it can 
of the first wire and the projected position of the second be desirable to measure current in one or more conductor 
wire ; determining an error value based at least in part on the wires , e.g. in a multi - conductor cable , in a contactless 
measured magnetic field strength and the expected magnetic 
field strength ; adjusting the projected position of the first 25 It is to be understood that not necessarily all objects or 
wire when it is determined that the error value does not advantages may be achieved in accordance with any par 
satisfy an error threshold ; and determining a current value ticular embodiment described herein . Thus , for example , 
for the first current flowing through the first wire based at those skilled in the art will recognize that certain embodi 
least in part on the projected position of the first wire and the ments may be configured to operate in a manner that 
magnetic field strength when it is determined that the error 30 achieves or optimizes one advantage or group of advantages 
value does satisfy the error threshold . as taught herein without necessarily achieving other objects 
Example 46 provides the method according to Example or advantages as may be taught or suggested herein . 

45 , where the multi - conductor cable comprises at least two In one example embodiment , any number of electrical 
wires , e.g. at least three wires . circuits of the FIGS . may be implemented on a board of an 

Example 47 provides the method according to Example 35 associated electronic device . The board can be a general 
45 , where the first projected current value and the second circuit board that can hold various components of the 
projected current value have the same magnitude , but oppo internal electronic system of the electronic device and , 
site phase . further , provide connectors for other peripherals . More spe 
Example 48 provides the method according to Example cifically , the board can provide the electrical connections by 

45 , where the magnetic field is an aggregate of a first 40 which the other components of the system can communicate 
magnetic field generated by the first current flowing through electrically . Any suitable processors ( inclusive of digital 
the first wire and or a second magnetic field generated by the signal processors , microprocessors , supporting chipsets , 
second current flowing through the second wire . etc. ) , computer - readable non - transitory memory elements , 

Example 49 provides the method according to Example etc. can be suitably coupled to the board based on particular 
45 , further including adjusting the projected position of the 45 configuration needs , processing demands , computer designs , 
second wire when it is determined that the error value does etc. Other components such as external storage , additional 
not satisfy the error threshold . sensors , controllers for audio / video display , and peripheral 
Example 50 provides the method according to Example devices may be attached to the board as plug - in cards , via 

45 , further including determining a second current value for cables , or integrated into the board itself . In various embodi 
the second current flowing through the second wire based at 50 ments , the functionalities described herein may be imple 
least in part on the projected position of the second wire and mented in emulation form as software or firmware running 
the magnetic field strength when it is determined that the within one or more configurable ( e.g. , programmable ) ele 
error value does satisfy the error threshold . ments arranged in a structure that supports these functions . 

Example 51 provides the method according to Example The software or firmware providing the emulation may be 
45 , where the set of magnetic sensors comprise first mag- 55 provided on non - transitory computer - readable storage 
netic sensors and second magnetic sensors , and wherein the medium comprising instructions to allow a processor to 
first magnetic sensors are configured to measure the mag carry out those functionalities . 
netic field strength in a first direction and the second In another example embodiment , the electrical circuits of 
magnetic sensors are configured to measure the magnetic the FIGS . may be implemented as stand - alone modules ( e.g. , 
field strength in a second direction . 60 a device with associated components and circuitry config 

Example 52 provides the method according to Example ured to perform a specific application or function ) or imple 
45 , where determining the projected position of the first wire mented as plug - in modules into application specific hard 
and the second wire of the multi - conductor cable comprises of electronic devices . Note that particular 
assigning a first default position to the first wire and a second embodiments of the present disclosure may be readily 
default position to the second wire . 65 included in a system on chip ( SOC ) package , either in part , 

Example 53 provides the method according to Example or in whole . An SOC represents an IC that integrates 
45 , further including performing a least square fit operation components of a computer or other electronic system into a 

ware 
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single chip . It may contain digital , analog , mixed - signal , and flexibility is provided by embodiments described herein in 
often radio frequency functions : all of which may be pro that any suitable arrangements , chronologies , configura 
vided on a single chip substrate . Other embodiments may tions , and timing mechanisms may be provided without 
include a multi - chip - module ( MCM ) , with a plurality of departing from the teachings of the present disclosure . 
separate ICs located within a single electronic package and 5 Numerous other changes , substitutions , variations , altera 
configured to interact closely with each other through the tions , and modifications may be ascertained to one skilled in 
electronic package . In various other embodiments , the digi the art and it is intended that the present disclosure encom 
tal filters may be implemented in one or more silicon cores pass all such changes , substitutions , variations , alterations , 
in Application Specific Integrated Circuits ( ASICs ) , Field and modifications as falling within the scope of the 
Programmable Gate Arrays ( FPGAs ) , and other semicon- 10 appended claims . Note that all optional features of the 
ductor chips . apparatus described above may also be implemented with 

It is also imperative to note that all of the specifications , respect to the method or process described herein and 
dimensions , and relationships outlined herein ( e.g. , the num specifics in the examples may be used anywhere in one or 
ber of processors , logic operations , etc. ) have only been more embodiments . 
offered for purposes of example and teaching only . Such 15 
information may be varied considerably without departing The invention claimed is : 
from the spirit of the present disclosure , or the scope of the 1. An apparatus for measuring current flow through at 
appended claims . The specifications apply only to one least one wire , the apparatus comprising : 
non - limiting example and , accordingly , they should be con a housing comprising an opening for receiving the at least 
strued as such . In the foregoing description , example 20 one wire ; 
embodiments have been described with reference to particu a plurality of magnetic sensor pairs arranged along a 
lar arrangements of components . Various modifications and contour within the housing , each magnetic sensor pair 
changes may be made to such embodiments without depart configured to generate signals when the at least one 
ing from the scope of the appended claims . The description wire that carries current extends through the opening , 
and drawings are , accordingly , to be regarded in an illus- 25 the signals including : 
trative rather than in a restrictive sense . a first signal indicative of a magnetic field in a first 
Note that with the numerous examples provided herein , direction , and 

interaction may be described in terms of two , three , four , or a second signal indicative of a magnetic field in a 
more electrical components . However , this has been done second direction , and 
for purposes of clarity and example only . It should be 30 a hardware processor configured to : 
appreciated that the system can be consolidated in any compute a plurality of constants related to integrals 
suitable manner . Along similar design alternatives , any of around the contour , where the constants are com 
the illustrated components , dules , and elements of the puted based on the signals generated by two or more 
FIGS . may be combined in various possible configurations , of the plurality of magnetic sensor pairs , and 
all of which are clearly within the broad scope of this 35 derive a measure of current in the at least one wire 
Specification . In certain cases , it may be easier to describe based on the constants . 
one or more of the functionalities of a given set of flows by 2. The apparatus according to claim 1 , wherein the first 
only referencing a limited number of electrical elements . It direction is perpendicular to the second direction . 
should be appreciated that the electrical circuits of the FIGS . 3. The apparatus according to claim 1 , wherein each of the 
and its teachings are readily scalable and can accommodate 40 plurality of magnetic sensor pairs is arranged with respect to 
a large number of components , as well as more complicated / a common reference point so that , for each magnetic sensor 
sophisticated arrangements and configurations . Accordingly , pair : 
the examples provided should not limit the scope or inhibit the first direction is perpendicular to a line connecting a 
the broad teachings of the electrical circuits as potentially sensor reference point of the magnetic sensor pair and 
applied to a myriad of other architectures . the common reference point , and 
Note that in this Specification , references to various the second direction is parallel to said line . 

features ( e.g. , elements , structures , modules , components , 4. The apparatus according to claim 3 , wherein a relation 
steps , operations , characteristics , etc. ) included in “ one between the first direction and the second direction is the 
embodiment ” , “ example embodiment ” , “ an embodiment ” , same for all of the plurality of magnetic sensor pairs . 
" another embodiment " , " some embodiments ” , “ various 50 5. The apparatus according to claim 4 , wherein the 
embodiments ” , “ other embodiments ” , “ alternative embodi relation between the first direction and the second direction 
ment ” , and the like are intended to mean that any such is that the second direction points away from the common 
features are included in one or more embodiments of the reference point and the first direction is a clockwise 90 
present disclosure , but may or may not necessarily be degrees rotation of the second direction . 
combined in the same embodiments . 6. The apparatus according to claim 4 , wherein the 

It is also important to note that the functions related to relation between the first direction and the second direction 
contactless current measurement using magnetic sensors , is that the second direction points away from the common 
e.g. those summarized in the one or more processes shown reference point and the first direction is a counterclockwise 
in FIGS . , illustrate only some of the possible functions that 90 degrees rotation of the second direction . 
may be executed by , or within , the current measurement 60 7. The apparatus according to claim 4 , wherein the 
systems illustrated in the FIGS . Some of these operations relation between the first direction and the second direction 
may be deleted or removed where appropriate , or these is that the second direction points towards the common 
operations may be modified or changed considerably with reference point and the first direction is a clockwise 90 
out departing from the scope of the present disclosure . In degrees rotation of the second direction . 
addition , the timing of these operations may be altered 65 8. The apparatus according to claim 4 , wherein the 
considerably . The preceding operational flows have been relation between the first direction and the second direction 
offered for purposes of example and discussion . Substantial is that the second direction points towards the common 
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reference point and the first direction is a counterclockwise each magnetic sensor pair of the plurality of magnetic 
90 degrees rotation of the second direction . sensor pairs is configured to generate the signals when 

9. The apparatus according to claim 1 , wherein the two or both the first wire and a second wire extend through the 
more magnetic sensor pairs include a first magnetic sensor opening and at least one of the first wire and the second 
pair and a second magnetic sensor pair , both arranged with 5 wire carries current , 
respect to a common reference point so that , the hardware processor is further configured to derive a 

for the first magnetic sensor pair , the first direction is at a measure of in the second wire based on the constants . first angle with respect to a line connecting a sensor 17. The apparatus according to claim 16 , wherein the reference point of the first magnetic sensor pair and the hardware processor is further configured to determine , based common reference point , and the second direction is 10 on the constants , at least one of : perpendicular to the first direction and is at a second a location of the first wire within the opening , and angle with respect to the line connecting the sensor a location of the second wire within the opening . reference point of the first magnetic sensor pair and the 
common reference point , and , 18. The apparatus according to claim 16 , wherein the 

for the second magnetic sensor pair , the first direction is 15 apparatus further includes a display unit configured to 
at a third angle with respect to a line connecting a display a graphical representation of at least one of : 
sensor reference point of the second magnetic sensor the measure of current in the second wire , and 
pair and the common reference point , and the second the measure of current in the first wire derived by the 
direction is perpendicular to the first direction and is at hardware processor . 
a fourth angle with respect to the line connecting the 20 19. The apparatus according to claim 1 , wherein the 
sensor reference point of the second magnetic sensor plurality of constants includes 2K constants when the at least 
pair and the common reference point . one wire includes K wires , where K is an integer equal to or 

10. The apparatus according to claim 9 , wherein : greater than 1 . 
when the first angle is not equal to the third angle and is 20. The apparatus according to claim 19 , wherein : 

not equal to the fourth angle , the hardware processor is 25 the plurality of magnetic sensor pairs arranged along the 
configured to compensate for a difference between the contour with respect to a common reference point , 
first angle and the third angle or compensate for a the 2K constants are constants A , through A2K - 1 , and 
difference between the first angle and the fourth angle a constant An of the 2K constants is computed based on an prior to or when deriving the measure of the current in integral qzh - lM ( z ) R ( z ) dz , where : the at least one wire . n is an integer between 0 and 2K - 1 , 11. The apparatus according to claim 9 , wherein : z is an integration variable on the contour , when none of the first angle and the second angle is equal 
to zero , the hardware processor is configured to com M ( z ) is a magnetic field based on the signals generated 
pensate for a deviation of the first direction or the by the two or more of the plurality of magnetic 
second direction of the first magnetic sensor pair from 35 sensor pairs , and 
being parallel to the line connecting the sensor refer R ( z ) is a distance from a point z on the contour to the 
ence point of the first magnetic sensor pair and the common reference point . 
common reference point prior to or when deriving the 21. A method for operating an apparatus for measuring 
measure of the current in the at least one wire . current flow through a wire , the method comprising : 

12. The apparatus according to claim 11 , wherein : enclosing the wire within an opening in a housing of the 
when none of the third angle and the fourth angle is equal apparatus so that the wire extends through the opening , 

to zero , the hardware processor is configured to com where the opening is for receiving one or more wires 
pensate for a deviation of the first direction or the and the housing includes a plurality of magnetic sensor 
second direction of the second magnetic sensor pair pairs arranged along a contour within or on the hous 
from being parallel to the line connecting the sensor 45 ing ; 
reference point of the second magnetic sensor pair and using a hardware processor of the apparatus to receive 
the common reference point prior to or when deriving signals generated by the plurality of magnetic sensor 
the measure of the current in the at least one wire . pairs while the wire is enclosed within the opening and 

13. The apparatus according to claim 1 , wherein each is carrying current , wherein the signals generated by 
magnetic sensor pair of one or more of the plurality of 50 each magnetic sensor pair of the plurality of magnetic 
magnetic sensor pairs includes a first and a second magnetic sensor pairs include 
sensors , the first magnetic sensor configured to generate the a first signal indicative of a magnetic field in a first 
first signal and the second magnetic sensor configured to direction , and 
generate the second signal . a second signal indicative of a magnetic field in a 

14. The apparatus according to claim 13 , wherein : second direction ; and 
the housing has a first face and an opposite second face , using the hardware processor to : 
the first magnetic sensor of the each magnetic sensor pair compute a plurality of constants related to integrals 

of one or more of the plurality of magnetic sensor pairs around the contour , where the constants are com 
is provided on the first face of the housing , and puted based on the signals generated by two or more 

the second magnetic sensor of the each magnetic sensor 60 of the plurality of magnetic sensor pairs , and 
pair of one or more of the plurality of magnetic sensor derive a measure of the current in the wire based on the 
pairs is provided on the second face of the housing . constants . 

15. The apparatus according to claim 1 , wherein each 22. A method for determining current in a wire , the 
magnetic sensor pair of one or more of the plurality of method comprising : 
magnetic sensor pairs includes a multi - axis magnetic sensor . 65 causing a plurality of magnetic sensor pairs arranged 

16. The apparatus according to claim 1 , wherein : along a contour within a housing having an opening for 
the at least one wire is a first wire , receiving one or more wires to generate signals when 
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the wire extends through the opening and is carrying the first magnetic sensors are configured to generate 
current , the signals from each magnetic sensor pair outputs indicative of a magnetic field strength in a 
including : first direction when the cable is placed in the open a first signal indicative of a magnetic field in a first ing , and 

direction , and the second magnetic sensors are configured to generate a second signal indicative of a magnetic field in a 
second direction ; and outputs indicative of a magnetic field strength in a 

using a hardware processor to : second direction when the cable is placed in the 
compute a plurality of constants related to integrals opening ; and 

around the contour , where the constants are com a processor logic , configured to : 
puted based on the signals generated by two or more compute a plurality of constants related to integrals 
of the plurality of magnetic sensor pairs , and around the contour , where the constants are com 

derive a measure of the current in the wire based on the puted based on the outputs from the first magnetic 
constants . sensors and the second magnetic sensors , and 23. An apparatus for measuring current flow through a determine a current in at least one conductor of the 

cable , the apparatus comprising : cable based on the constants . 
a receiver interface , configured to receive outputs from 

first magnetic sensors and second magnetic sensors , 24. The apparatus according to claim 23 , wherein the first 
direction is substantially orthogonal to the second direction . where : 

the first magnetic sensors and the second magnetic 25. The apparatus according to claim 23 , wherein the first 
sensors are arranged in a housing along a contour 20 magnetic sensors comprise four magnetic sensors , and 
around an opening in the housing , wherein the four magnetic sensors are disposed in a Wheat 

the opening is an opening in which the cable having one stone bridge configuration . 
or more conductors is to be placed , 

15 


